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Abstract
The main topic of this thesis is the modeling of multi-layer insulation (MLI) as a
potential source for space debris. Observation data which seems to be consistent
with the specific properties of multi-layer insulation exists almost exclusively for
the geosynchronous orbit region. An emphasis is therefore put on this altitude
regime. The European Space Agency’s (ESA) reference model for the terrestrial
space debris environment MASTER-2009 includes multi-layer insulation as part
of the space debris population based on the latest comprehensive models. These
rely on several assumptions which lead to a seemingly unrealistic escalation of
MLI beyond the validated reference epoch of May 1st 2009. In the frame of the
current thesis, published results from ground tests and from in-situ measure-
ments from spacecraft were used to make significant improvements to the MLI
fragmentation model. In the course of the work indications increased which
suggest that the amount of MLI which is released from spacecraft due to deteri-
oration is subordinate to the amount which is created in fragmentations. For this
reason it was decided to rely exclusively on the updated fragmentation model
as source for MLI debris. Additional simulations were performed to better un-
derstand uncertainties in the orbit prediction of MLI objects due to simplifying
assumptions primarily regarding the shape of the objects. A validation of the
new model outputs was performed against survey data of the geosynchronous
and geotransfer orbit regions which has been obtained using the ESA Space De-
bris Telescope (SDT). In the course of this validation, strong evidence was found
that non-MLI debris created in explosions of Ariane H-10 upper stages between
1984 and 2002 has previously been under-predicted. Specifically the fragmenta-
tion cloud of the upper stage with the international designator 1989-006B which
exploded on January 1st 2001 could be unmistakably identified in the SDT’s data.
The simulation results for MLI and non-MLI debris presented in this thesis show
good agreement with published observations of the geosynchronous and geo-
transfer region, supporting the validity of the updated debris population mod-
eling.
xv

Zusammenfassung
Das Hauptthema dieser Dissertation ist die Modellierung von Mehrschichtiso-
lationsfolie (MLI) als potentieller Beitrag zum Weltraummüll. Messdaten, die
auf die speziellen Eigenschaften von Mehrschichtisolationsfolie zutreffen, ex-
istieren fast ausschließlich für die Gruppe der geosynchronen Bahnen. Aus die-
sem Grund wird insbesondere dieser Bahnbereich untersucht. Das Referenz-
modell zur Beschreibung der terrestrischenWeltraummüllumgebung (MASTER-
2009) der europäischen Weltraumbehörde ESA beinhaltet die letzten umfassen-
den Simulationsergebnisse von Mehrschichtisolationsfolie als Beitrag zumWelt-
raummüll. Die Modelle auf denen diese Ergebnisse basieren beruhen auf einer
Reihe von Annahmen, die durch publizierte Untersuchungen zu den Eigenschaf-
ten von Mehrschichtisolationsfolie gestützt sind. Die getroffenen Annahmen
führen jedoch in ihrer Summe dazu, dass die Zahl der sich in Umlaufbahnen
befindlichen Mehrschichtisolationsfolieobjekte, in der Zeit nach der validierten
Referenzepoche 1. Mai 2009, scheinbar unrealistisch schnell ansteigt. Neue Er-
kenntnisse aus Boden- und In-Situ-Messungenwurden imRahmen der aktuellen
Arbeit genutzt, um Verbesserungen am Modell zur Simulation von MLI Trüm-
mern vorzunehmen, die in Fragmentierungsereignissen erzeugtwerden. ImVer-
lauf der Untersuchungen vermehrten sich die Indizien dafür, dass die Zahl der
MLIObjekte, die auf Grund vonDegenerationsprozessen freigesetztwerden, der
in Fragmentierungen erzeugten untergeordnet ist. Aus diesemGrund wurde die
Modellierung der Freisetzung von MLI im weiteren Verlauf auf den fragmen-
tierungsbasierten Prozess beschränkt. Darüber hinaus wurde der Einfluss von
Vereinfachungen der Geometrie von MLI-Fragmenten auf die Entwicklung der
Umlaufbahn um die Erde in weiteren Simulationen untersucht. Die Ergebnisse
des neuen MLI Modells wurden zur Validierung mit Beobachtungsdaten des
geostationären- und Geotransferbahnbereichs verglichen, die mittels des Wel-
traummüllteleskops (SDT) der ESA erzielt worden sind. Während dieser Unter-
suchungen wurden Hinweise gefunden, die darauf hindeuten, dass die Zahl der
nicht-MLI Trümmer, die in Explosionen von Raketenoberstufen des Typs H-10
xvii
der Arianeträgerrakete zwischen den Jahren 1984 und 2002 entstanden sind, bis-
lang deutlich unterschätzt worden ist. Besonders hervorzuheben ist hierbei die
Explosion der Oberstufe mit der internationalen Bezeichnung 1989-006B am 1.
Januar 2001. Es konnte eindeutig gezeigt werden, dass die hierbei entstandene
Trümmerwolke durch das Weltraummüllteleskop (SDT) der ESA in demselben
Jahr beobachtet wurde. Die Simulationsergebnisse, die in dieser Dissertation
präsentiert werden, weisen gute Übereinstimmung mit publizierten Daten aus
Beobachtungen des geostationären und geotransferbahnbereichs auf, wodurch
die Validität der Modellierung bestärkt wird.
Chapter 1
Introduction
In early 2012, more than 16,000 objects larger then 10 cm were known to orbit
Earth. About 3,500 of these were classified as satellites and less than 1,000 of
these were thought to be active. In total, over 93% of objects which were con-
tained in the largest publicly available catalog were defined as space debris. This
term describes all "man made objects including fragments and elements thereof, in
Earth orbit or re-entering the atmosphere, that are non functional." (IADC 2002) The
largest space debris objects are satellites and rocket bodieswhich remained on or-
bit after their mission had been completed. Up toMay 2009, fragments from over
230 explosion and collision events had been released, making up well more than
half of all known Earth orbiting objects larger than 10 cm. Spacecraft which were
returned from orbit reveal that the number of objects around Earth increases
quickly towards smaller sizes. Among the known debris sources are Sodium-
Potassium Droplets located primarily at around 900 km altitude at inclinations
near 63degrees, slag and dust from solid rocket motor firings and surface degra-
dation products such as paint flakes and ejecta.
An unexpected space debris population was discovered during surveys of the
geostationary transfer orbit region which were initiated in 1999. The observa-
tions were performed using the European Space Agency’s 1m Ritchey-Chrétien
SpaceDebris Telescope (ESA-SDT) which is located in Tenerife. Disovery of the
new population was first published in 2004 by (Schildknecht et al. 2004). The
objects had mean motions similar to GEO but generally exhibited high eccen-
tricities and quickly changing orbit parameters and brightness levels. Since the
start of these surveys the source has been confirmed by other observations by
the ESA-SDT (Schildknecht et al. 2010, 2008b) and also with other systems such
as the International Scientific Optical Network known as ’ISON’ (Molotov et al.
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2008, Agapov et al. 2009). An idea had been that if an object with a very high
area-to-mass ratio were released in GEO, radiation pressure could potentially
force it into orbits similar to those seen during the surveys. This hypothesis has
since been investigated and confirmed by independent groups (Kelecy and Jah
2009a). A likely source for these objects is Multi-Layer Insulation (MLI) foil
which is used for thermal insulation on almost all satellites and some apogee
kick motors. Although this material is the favored candidate today, no direct
proof could be obtained yet. MLI has very high area-to-mass ratios of up to
115m2/kg (Sheldahl 2012) and employs thin metallic coatings which make the
material highly reflective. These two features lead to high susceptibility to radi-
ation pressure effects.
Although High Area-to-Mass Ratio (HAMR) objects have high reflectivity and
can be detected easilywith today’s telescopes, their orbit parameters often change
quickly and cannot yet be predicted accurately. The main danger resulting from
this is that even very large HAMR objects are difficult to catalog and collisions
can therefore not be predicted reliably. The largest publicly available catalog of
objects includes both active and passive objects and contained more than 16,000
objects in spring 2012. Responsibility for this catalog, referred to as "Satellite Sit-
uation Report," resides with the United States Strategic Command (USSTRAT-
COM). The orbit data is provided by the Space Surveillance Network (SSN),
which is subcontracted by JSpOC (Joint Space Operations Center) USSTRAT-
COM (Johnson et al. 2007). This catalog however does not contain any of the
objects under consideration here. In the aftermath of the 1999 observations by
ESA’s SDT, two catalogs have been created mostly for scientific purposes which
track some HAMR objects. These are maintained through the ISON, the Astro-
nomical Institute of the University of Bern (AIUB) and ESA (Agapov et al. 2008,
Schildknecht et al. 2010).
The capability to predict the orbit evolution of any object is based on having a
sufficient understanding of the related orbit perturbations. In addition, software
is required which can accurately calculate these orbits. Different approaches ex-
ist by which the required quantities can be determined. Methods are being de-
velopedwhich require no a-priori information of the objects’ properties andmay
result in sufficiently accurate parameters resulting in successful re-acquisition
(Kelecy et al. 2011, Kelecy and Jah 2011). The approach chosen in this disserta-
tion is based on trying to understand the properties of these objects by studying
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their origin. Specifically the possibility is examined that the observed HAMR
objects could be fragments of multi-layer insulation. To determine the likelihood
of this material contributing to the unknown source, two statistical models were
developed for simulating the creation of MLI during fragmentation events and
by release of MLI debris as a result of material degradation. It is the subject of
the current work to revise, update and validate these models and to gain a better
understanding of the orbit evolution of HAMR objects.
1.1 State of the Art
Modeling MLI
ESA’s MASTER-2009 is the first model to include multi-layer insulation (MLI) as
a debris source for the purpose of estimating the collision risk to spacecraft. The
underlying MLI debris population is created through two independent models:
MLI objects released during fragmentation events and a continuous source of
MLI wherein parts of MLI or even entire blankets may detach from satellites and
rocket bodies over time.
The MLImodel version included in the MASTER-2009model has been validated
for the years 2001 to 2007 against optical observations of the GEO region. These
observations were performed by the Astronomical Institute of the University of
Bern (AIUB) using ESA’s Space Debris Telescope. The simulated MLI popula-
tion seemed to explain detections in regions to which no other debris source
contributed. Not only did the qualitative results match, but also a quantitative
analysis with respect to the number of detections revealed good correlation with
the observations (Flegel et al. 2011b).
Projecting these models into the future however revealed a significant shortcom-
ing in that the delamination process lead to an accelerated growth in the MLI
population. By 2060, MLI objects had increased unrealistically, outweighing all
other debris sources. In the released version of the MASTER-2009 software, the
future generation of MLI was therefore omitted.
3
1 Introduction
Orbit Evolution and Observations
The orbit evolution of objects in Earth orbit depends on the type of orbit as well
as the object’s properties. The quicker the orbit parameters change, the more
difficult it is to predict their evolution. The complexity increases when the effect
of non-conservative forces such as atmospheric drag, lorentz forces or radiation
pressure with eclipse consideration are on the order of or larger than other per-
turbations. The very high area-to-mass ratio of MLI as well as the high reflectiv-
ity result in a high susceptibility to at least the two former effects. As the surfaces
of MLI are metalized, also the latter effect may have to be considered for correct
modeling.
Tracking of objects with quickly changing orbit parameters is difficult. Propa-
gation techniques and filters must be accurate enough to correctly correlate new
detections with known objects. In April 2011, Vladimir Agapov presented at the
Inter-Agency Space Debris Coordination Committee (IADC) meeting in Berlin,
that 270 objects with apparent area-to-mass ratios above 0.9–1m2/kg were be-
ing successfully held in the KIAM (Keldysh Institute of Applied Mathematics)
database established and maintained by the ISON. The ISON is a purely scien-
tific project which was initiated by KIAM of the Russian Academy of Sciences
(RAS) andwas later joined by the Pulkovo Astronomical Observatory of the Rus-
sian Academy of Sciences.
Accurate initial orbit determination as well as the prediction of the position of
such HAMR objects for tracking purposes is also being studied extensively by
the AIUB, the Air Force Research Laboratory and The Boeing Company. One of
the basic tools for such work is numerical orbit propagation. Due to the dominat-
ing acceleration of radiation pressure, studies have been conducted to character-
ize the influence of object orientation, shape and radiative properties on the po-
sition prediction accuracy. It was revealed that the position error due to these af-
fects followed non-gaussian distributions (Kelecy and Jah 2009a,b, DeMars et al.
2009). In further studies, different filters were tested by which the true probabil-
ity density function (pdf) of the state error could be estimated. Amongh them
were Adaptive Gaussian Mixture filters (DeMars et al. 2009), extended Kalman
filters (EKF), unscented Kalman filters (UKF), and a Gaussian mixture model
(GMM) (Kelecy et al. 2011, DeMars et al. 2011).
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HAMRObject Properties
To correctly predict the orbit evolution of HAMRobjects requires in-depth knowl-
edge of the fragment properties. The area-to-mass ratio, orientation, three-dimen-
sional shape, absorptivity, diffuse and spectral reflectivity, as well as changes
in these properties significantly influence the orbit evolution. Deriving optical
properties from observations is the object of current studies (Musci et al. 2010,
Früh and Schildknecht 2010, Schildknecht et al. 2008b,c). Until this data can be
determined reliably frommeasurements, only very rough estimates can be made
as to the actual size and orientation or tumbling of observed HAMR fragments.
Ground based studies help in estimating these properties as well as the effects
of deterioration processes on the optical and mechanical properties. Fragment
shapes have been characterized in ground tests whichwere performed at Kyushu
University, Japan in cooperation with NASA’s Orbital Debris Program Office. In
two experiments, small test satellites, covered in MLI, were fragmented and the
debris was analyzed (Murakami 2008). Some information on the tumbling mo-
tion of observed objects may be derived from fluctuations in the observed mag-
nitude (Schildknecht et al. 2008b,c). Much research is still required in this field
and allowances must be made for uncertainties.
1.2 Scope
The first chapter introduces some basic properties of multi-layer insulation. Com-
mon materials are researched and the principle parameters required to describe
the optical properties of MLI are discussed. This is followed by a definition of
common optical property parameters for pristine materials and for the degraded
properties resulting from exposure to the space environment. In Chapter 4 the
probability functions are derived which were developed for the MLI models
and are also used in the updated model presented in later chapters. The MLI
model history is briefly described in Chapter 5. Important basic assumptions
are outlined and validation results which were attained in the frame of the ESA
contract ”Maintenance of the ESA MASTER Model” are presented. The force
model used to predict the orbit evolution of MLI objects assumes all objects to
be spheres. Chapter 6 analyzes the influence of the effective area-to-mass ra-
tio as well as the shape and orientation of objects with area-to-mass ratios well
above 1m2/kg on the medium- and long-term orbit evolution. The chapter also
addresses the influence of the assumption of spherical HAMR objects on a large
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statistical HAMR object population. The two final chapters deal with fundamen-
tal updates to the MLI models (Chapter 7) and a revalidation of the updatedMLI
population against observationsmade by ESA’s SpaceDebris Telescope (Chapter
8). A summary and an outlook conclude the thesis.
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Chapter 2
Multi-Layer Insulation in Space
Applications
Multi-layer insulation (MLI) is a passive means of thermally insulating hard-
ware. Multiple layers of thin, metalized substrate materials are combined to
form insulating blankets. Heat transfer is minimized by separating the individ-
ual layers either by spatial separation or by insertion of low conductance spacer
material. MLI is used to cover all major outer surfaces of typical spacecraft as
well as individual internal components. Surfaceswhich are not covered are those
where the functionality would be impaired i.e. solar arrays, radiators. The con-
figuration of an MLI stack varies with the boundary conditions. Sun shields for
radio frequency antennae typically consist of less than five layers of MLI, while
the satellite bus may be covered by more than 20 layers. The companies Shel-
dahl and DuPont specialize in manufacturing multi-layer insulation for space
applications. However, only Sheldahl provides comprehensive information on
their products in the form of the freely available The Red Book. Material data will
therefore rely heavily on their information. DuPont has registered trademarks
on trivial foil names such asMylar R©, Kapton R©and Teflon R©. In the following, the
” R©” will be omitted.
The chapter starts out with an overview of foils which are commonly used for
MLI. Typical configurations are presented next followed by an introduction into
the characterization of optical properties which are relevant to MLI. Finally, two
foil types are described which are the main building blocks of MLI.
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2.1 Common Materials
Typical substrate materials include polyethylenterephtalat (PET), polyimide (PI)
as well as fluorpropylencopolymers (FEP) (Sheldahl 2012). The substrates must
be lightweight and flexible, have low outgassing properties under vacuum con-
ditions andmust be applicable in a wide range of temperatures. Thermal insulat-
ing properties are fashioned through specifically combining substrate materials
and vapor depositing aluminum, gold or silver on one or both sides of the sub-
strate. The thickness of the metal layer is on the order of 1000 A˚. An overview of
common materials is given in Table 2.1. The spacer materials B2A and B4A (also
known as Dacron) are Polyester nettings with different weaving densities. The
thickness is given in mil = 0.001 inch = 25.4µm.
Table 2.1: Multi-layer insulation materials taken from The Red Book (Sheldahl 2012)
Material Density / g cm−3 Area loading / gm−2
Spacer Materials
B2A – 14.9
B4A – 7.1
Substrate Materials Thickness / mil
0.25 0.5 1 5
Mylar (PET) 1.39 8.8 17.7 35.3 176.5
Kapton (PI) 1.42 9.0 18.0 36.1 180.3
Teflon (FEP) 2.15 13.7 27.3 54.6 273.0
2.2 Configurations
The configuration of the passive insulation by thin, metalized foils depends on
the design constraints and on the state of the art available at the time when the
spacecraft was designed and built. Unfortunately information on the specific
MLI design of spacecraft is only rarely published. For this reason, the current
section can only give an impression of possible configurations.
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Outer Cover
Light Block (if necessary)
Metallized Reflector
Netting Spacer
15 to 20 Reflector/
Spacer Layers, Total
Metallized Reflector
Netting Spacer
Inner Cover
Structure
Exposed Threads
Nonexposed
Threads
Hook-and-Pile Connectors
Glass Fabric Tape
Adhesives
Adhesive Transfer Tape
Metallized Tape
Grounding
Tape
Figure 2.1: Typical MLI configuration reproduced from Finckenor and Dooling (1999)
without book sections for better legibility
In 1999, NASA published a technical paper termedMultilayer Insulation Material
Guidelines, which was a compilation of MLI considerations for future missions
based on previous designs such as LDEF or Spacelab (Finckenor and Dooling
1999). In this document, it was stated that 15 to 20 reflector layers are typical
for long duration LEO missions. Figure 2.1 shows a common MLI configura-
tion and has been reproduced from Finckenor and Dooling (1999). The outer
and inner layers of an MLI stack are typically thicker than the reflector lay-
ers in between. According to Sheldahl (2012) common thicknesses are around
5mil for the outer layers and 0.25mil for the reflector layers. Material densi-
ties range from 1.4 g/cm3 to 2.2 g/cm3 (see Table 2.1). Stadermann et al. (1997)
and Wright et al. (1995) published additional data concerning the design of the
MLI used on the European Retrievable Carrier (EuReCa) spacecraft, which was
covered with 22 foil layers. The top layer was a Teflon-coated fiberglass cloth
(Beta-cloth) followed by a 3mil (75µm) sheet of light-blocking Kapton which
was aluminized on one side and had an acrylic overcoat. 19 Kapton reflector
layers aluminized on both sides with a thickness of 0.3mil (7.5µm) were alter-
nated with 20 Dacron net layers. A 3mil Kapton film was aluminized on the top
side and coated with black paint on the rear as the inner cover layer.
In addition to supplying thermal insulation, MLI can also be used to shield radio
frequency (RF) antennae. Such Sunshields often consist of only one or two layers
of very thin polymeric film on which a semiconducting layer of germanium is
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usually vapor deposited. Germanium is transparent to radio frequencies and
can limit charge buildup (Sheldahl 2012).
2.3 Characterization of Optical Properties
When an object is irradiated, part of the incident radiation is absorbed, some
part may be transmitted and some can be reflected. The relation between these
parts depends on the object’s properties. These properties will be referred to as
the absorptance α, the transmittance τ and the reflectance ρ. All of these are
frequency dependent parameters and should therefore correctly be written as
α(λ), τ(λ) and ρ(λ) where λ is the wavelength. Integrating over all wavelengths
of the incident radiation, one can describe the relation between these three effects
through:
α+ τ + ρ = 1 (2.1)
If the source for the incident radiation is the Sun, then the wavelengths over
which must be integrated are defined by the solar spectrum of electromagnetic
waves. In the current thesis, the solar specific values will be termed solar absorp-
tance, solar transmittance and solar reflectance or simply absorptivity, transmissivity
and reflectivity. Unless otherwise stated, the parameters then receive the index
”⊙.” For space debris applications it is common to neglect the transmittance,
resulting in the simpler relation:
α+ ρ = 1 (2.2)
If the angle of the incident radiation and the reflected radiation to the surface
normal are the same, specular reflection is taking place. This is similar to a ball
bouncing off a wall. This occurs for perfectly smooth surfaces. If the surface is
not perfectly smooth, radiation is reflected into random directions and is then
called diffuse. Real surfaces reflect part of the incident radiation specularly and
part of it diffusely so that ρ = ρd + ρs. Integrating the frequency dependent
parameters over all relevant wavelengths then leads to:
α+ ρd + ρs = 1 (2.3)
Solar Absorptance The primary quantities which describe the insulating prop-
erties of a material are the solar absorptance α⊙ (or simply absorptivity) and the
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infrared emittance ǫIR (or emissivity). Both vary with wavelength. Solar absorp-
tance describes how much of the Sun’s radiation is absorbed by the object. It
is calculated by integrating over all wavelengths while weighting α⊙(λi) at a
given wavelength with the amount of incident radiation generated by the Sun at
that wavelength e⊙ (λi). The result is divided by the total radiated energy from
the Sun H⊙. The solar energy is usually given at 1AU from the Sun for an area
of 1m2. The Sun emits 97% of its radiation between wavelengths 0.25µm and
2.5µm. In practice, sufficient accuracy can be obtained if the solar absorptance
is measured for 50 points between the wavelengths 0.25µm and 2.7µm and re-
placing the integration with a summation (Pisacane and Moore 1994):
α⊙ =
n∑
i=1
α (λi) e⊙ (λi)
H⊙
(2.4)
Infrared Emittance The infrared emittance (or emissivity) characterizes how
much radiation a body emits relative to a black body radiator. It is calculated by
integrating the product of emittance at a wavelength ǫ (λi) and the power output
of a black body radiator at that wavelength eblack body (λi) over all wavelengths
and dividing the result by the total power output of a black body radiator. As
with absorptivity, the emitted energy is usually given per unit area. According to
Wien’s Law, the peak power output of an object at room temperature (≈ 293K)
has a wavelength of 2.9 × 10−3K/m /293K ≈ 10µm, which is in the infrared
wavelength band of 750nm to about 350µm. In practice, the emittance is thus
derived by replacing the integration by a sum and using the wavelength range of
the infrared spectrum as limits. Kirchhoff’s law of thermal radiation states that
the absorptance and emittance at a wavelength must be identical (α(λ) = ǫ(λ)).
This then leads to the following derivation:
ǫIR =
n∑
i=1
α (λi) eblack body (λi)
σT 4
(2.5)
Reflectivity Coefficient The largest radiation pressure effect results from direct
solar irradiation of the fragments. In the very simplest scalar form, the equation
for acceleration due to direct solar irradiation is given by:
aRP = −S⊙
Φ⊙
c
CR
Aeff
mobj
sˆ⊙ (2.6)
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aRP radiation pressure acceleration vector m/s
S⊙ shadow function for occultation of Sun by Earth ∈ [0,1] –
Φ⊙ electromagnetic radiation flux from Sun at object W/m2
c speed of light m/s
CR reflectivity coefficient ∈ [1,2] –
Aeff effective area perpendicular to incident radiation m2
mobj object mass kg
sˆ⊙ unit direction vector pointing from the reflection center of the
sphere to the sun
–
This equation takes into account only the acceleration in the direction of the Sun-
object vector at a given point in time. The effective areaAeff in this case is simpli-
fied as being the area perpendicular to the incident radiation. This formulation
is accurate for spherical objects. The reflectivity is expressed in the coefficient
CR = 1 + ρ⊙ (2.7)
where ρ⊙ is the material’s solar reflectance. In Section 6.3, an extension of the
above equation is given for objects made up of multiple flat surfaces and the
reflectivity coefficient is expressed as a function of the diffuse and specular re-
flectivity.
2.4 First- and Second Surface Mirrors
The thermal insulation properties of MLI are characterized by the absorptivity,
emissivity and the ratio of absorptivity over emissivity α⊙/ǫIR. Whether a sub-
strate is metalized on one or on both sides thus has an important effect on its
insulating properties. This section gives a description of the workings of first
and second surface mirrors and typical values are presented.
First Surface Mirrors Figure 2.2 shows a schematic of first and second sur-
face mirrors. Absorptivity and emissivity of the metal coating are typically low.
The cheaper aluminum is preferred to gold coatings. Gold, or aluminum coated
with a corrosion resistant AOC coating are used when longer periods of time
are spent in i.e. salty atmosphere conditions as has been the case for the space
shuttle. When coating polymeric films on both sides with low emissivity metals,
very low radiative heat transfer rates can be obtained. Double sided aluminum
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coating on PET or PI is therefore often chosen for the inner reflector layers in
MLI blankets. Values for absorptivity and reflectivity of first surface mirrors are
given in Table 2.2.
Second Surface Mirror First Surface Mirror
Metal Substrate
Figure 2.2: Schematic of first and second surface mirrors
Second Surface Mirrors The equilibrium temperature of a surface depends on
the ratio of absorbed-to-emitted energy. Decreasing this ratio also lowers the
equilibrium temperature. In second surface mirrors, the relatively higher emis-
sivity of the substrate is used to reduce the equilibrium temperature. In this
configuration, the emissivity depends on the substrate material and its thick-
ness. Values for absorptivity and reflectivity of first and second surface mirrors
are given in Table 2.3.
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Table 2.2: First surface mirrors: Absorptivity and emissivity of metal coatings (repro-
duced from Sheldahl (2012) and Kauder (2005)). Kauder (2005) gives the frac-
tion of IR radiation emitted normal to the surface.
Sheldahl (2012)
Metal Typical Infrared
Emittance ǫIR
Typical Solar
Absorptance α⊙
α⊙/ǫIR
Gold 0.02 0.28 14
Silver 0.02 0.07 3.5
Aluminum 0.03 0.12 4
Kauder (2005)
Normal
Emissivity ǫn
Typical Solar
Absorptance α⊙
α⊙/ǫn
Aluminum on Black Kapton 0.03 0.12 4.0
Chromium on 5-mil Kapton 0.24 0.57 2.4
Table 2.3: Second surface mirrors: Absorptivity of coatings and emissivity of polymer
films (reproduced from Sheldahl (2012)). Inconel R© is a registered trademark of
international Nickel Company.
Solar Absorptance Infrared Emittance
Metal α⊙ Film Thickness ǫIR
mil µm FEP Poly-
imide
Silver 0.06 - 0.09 0.5 12.7 0.41 0.52
Aluminum 0.10 - 0.14 1 25.4 0.52 0.64
Copper 0.20 - 0.30 2 50.8 0.65 0.76
Germanium 0.50 - 0.70 5 127.0 0.79 0.85
Inconel R© 0.60 - 0.70 10 254.0 0.86 –
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Chapter 3
Defining Common Optical
Property Parameters
MLI is designed so that most of the incident radiation is reflected away from the
spacecraft. Since acceleration due to radiation pressure is directly proportional
to the flux of electromagnetic radiation, it follows that this is the primary source
for radiation pressure induced orbit perturbations. Good knowledge of realis-
tic reflectivity values is therefore paramount to correctly estimating the resulting
acceleration. Due to the relation given in Equation 2.2, also publications which
only take into account absorptivity can be used. In the current section, published
data from ground tests and in-situ measurements will be used to estimate initial
reflectivity values and deterioration progression of typical MLI materials.
Initially, a definition of Equivalent Solar Hours is given as this is a common pa-
rameter by which the exposure to the space environment is measured. This
is followed by an overview of publications which give resilient data of optical
properties of materials used for MLI. A mean value is then derived for the re-
flectivity of pristine foils from the presented data. The deterioration progression
found by various authors is compared and a plausible common progression is
defined. The chapter closes by an estimation of the deterioration rate for dif-
ferent orbit regimes and mission types and of the penetration depth of some
radiation types into MLI foils.
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3.1 Equivalent Solar Hours
Ultraviolet radiation is typically measured in equivalent solar hours (ESH). A
definition is given by Pisacane and Moore (1994): ”equivalent hours normal to
the Sun’s rays at 1 AU.” Table 3.1 gives a reference for average ESH per year for
on-orbit time for GEO and LEO orbits.
Table 3.1: Estimated values for equivalent solar hours on selected surfaces of a GEO
spacecraft and LEO SSO spacecraft on 12:00 LST orbit and on 6:00 LST orbit.
N/S - North/South. E/W - East/West. N/Z - Nadir/Zenith. Sun - Cross track,
towards Sun. Derivation of the values is given in Appendix A.
GEO SSO 12:00 SSO 6:00
N/S E/W & N/Z N/Z Sun
ESH per year 886 2712 2790 8522
3.2 Overview of Published Results
Marco and Remaury (2004) studied the effect of UV radiation, electron (e−) and
proton (p+) radiation on thermal control coatings in a simulated GEO environ-
ment. In-situ measurements have been made on LEO by the THERME experi-
mentwhichwas developed by CNES and has flown on several satellites. THERME
is a simple low-cost experiment aimed at measuring the aging of solar absorp-
tance α⊙ of thermal coatings. Remaury et al. (2011) evaluated the results re-
trieved from the experiments located on the three satellites SPOT 5, HELIOS-2A
and DEMETER. Mission parameters are listed in Table 3.2.
The initial and degraded absorptivity as well as the absorbed ESH and atomic
oxygen from the GEO simulations (Marco and Remaury 2004) and LEO in-situ
measurements (Remaury et al. 2011) are listed in Table 3.3. Uncertainties are
given for the initial conditions obtained in ground measurements. The initial
absorptivity values from the in-orbit measurements are higher than those taken
on the ground. No definitive cause was stated by the authors. In Table 3.3, the
connotations ”V+” and ”V–” refer to the satellite sides which were facing in- and
16
3.3 Reflectivity of Pristine Material
opposite the flight direction. ”Sky” denotes the space facing surface. The space-
craft’s motion relative to the atmosphere causes the atomic oxygen flux on the
trailing surface to be negligible. The conditions on this side are therefore most
similar to those found in GEO. Significant differences arise from different e− and
p+ fluxes and possibly due to differences in solar irradiation.
Table 3.2: Overview of satellites carrying THERME experiment discussed by
Remaury et al. (2011)
Name Int. Desig. Launch Date Type Altitude Inclination
SPOT 5 2002-021A 05/04/2002 22h30m SSO 820 km 98.7 ◦
HELIOS-2A 2004-049A 12/18/2004 13h15m1 SSO 688 km 98.1 ◦
DEMETER 2004-025C 06/29/2004 22h25m SSO 710 km 98.2 ◦
3.3 Reflectivity of Pristine Material
The solar absorptance of first and second surface mirror MLI depends for the
most part on the metal coating (Compare Tables 2.2 and 2.3 for values of first-
and second surface mirrors.). Due to relation 2.2, this also means that the so-
lar reflectance is the same for first- and second surface mirrors. According to
Sheldahl (2012), the most commonmetal coating is aluminum. Solar absorptance
for pristine aluminum covered polymers range from 0.10 to 0.14 (Sheldahl 2012,
Kauder 2005). In-situ measurements at BOL performed for SPOT 5, HELIOS-2A
and DEMETER by Remaury et al. (2011) for second surface mirrors using alu-
minum/silver on PTFE range from 0.10 to 0.17 (see Table 3.3). For the simula-
tions, a mean reflectivity value is used. It is assumed that all fragments have an
initial reflectivity ρ0 = 1− α0 = 0.87.
3.4 Deterioration Progression
The test samples studied by (Remaury et al. 2011) exhibit varying trends in de-
terioration rate. At ESH values between 9,000 and 14,000hours, all of the alu-
1Approximated from orbit data
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Table 3.3: Selected results from Marco and Remaury (2004) and Remaury et al. (2011).
”V+” and ”V–” refer to samples located on the in-flight surface and trailing
surface while ”Sky” denotes the space facing surface. All samples were sec-
ond surface mirrors. The absorptivity α⊙,ground was measured on the ground
while the beginning-of-life (BOL) are in-situ measurements. The end-of-life
(EOL) values for the GEO case are ground measurement results while all other
cases are in-situ measurements. Atomic oxygen fluence is given in atoms per
centimeter squared (at cm−2). Atomic oxygen fluence for ”V–” sides was neg-
ligible and is indicated by ”–.”
Name Side Material Type α⊙ UV AO
Ground BOL EOL / ESH / at cm−2
GEO – Al (FEP) 0.08± 0.01 – 0.180 3336 –
GEO – Al (FEP), ITO 0.08± 0.01 – 0.140 3336 –
SPOT 5 V– Al (PTFE) 0.11± 0.04 0.15 0.195 14000 –
SPOT 5 V+ Al (PTFE) 0.11± 0.04 0.15 0.240 14000 2.10e+20
SPOT 5 Sky Al (PTFE) 0.11± 0.04 0.17 0.294 18200 1.40e+19
HELIOS-2A V+ Al (PTFE) 0.11± 0.04 0.15 0.185 9000 1.35e+20
HELIOS-2A Sky Al (PTFE) 0.11± 0.04 0.14 0.231 11700 9.10e+18
HELIOS-2A V+ Ag (PTFE) 0.09± 0.04 0.10 0.121 9000 1.35e+20
HELIOS-2A V– Ag (PTFE) 0.09± 0.04 0.10 0.140 9000 –
DEMETER V+ Ag (polymer), ITO 0.11± 0.02 0.14 0.180 10800 1.60e+20
DEMETER V– Ag (polymer), ITO 0.11± 0.02 0.15 0.207 10800 –
minum or silver second surface mirrors seem to follow a rather linear trend.
Most other surfaces such as Kapton, Mapatox K, SG121FD and PCBE however
exhibit a visible slowing in deterioration rate within the studied range of up
to 19,200 ESH. According to Kelecy and Jah (2011), optical properties of MLI
asymptotically approach an end-of-life value. They give an initial value of ρ⊙ =
0.63 which deteriorates to 0.38 at end-of-life, resulting in a ∆ρ⊙ of 0.25. Unfor-
tunately the authors do not give any information on the type of the MLI or the
method by which their values were obtained. Fischer (2011) also assumed an
asymptotic deterioration which stagnates after 15years of in-orbit time. Using
an initial reflectivity of 0.65 he estimated the change from beginning to end of
life in solar absorptance to ∆ρ⊙ = 0.37. The latter value relies on equations
which were fitted to extremely sparse data for proton, electron and UV induced
deterioration. The obtained results must therefore be treated with utmost care.
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Since the absorptivity cannot exceed the value ’one’ it seems reasonable that also
those second surface mirror samples which showed a linear increase in absorp-
tivity should asymptotically approach an end-of-life value. In the following, the
average of the values proposed by Kelecy and Jah (2011) and Fischer (2011) will
be used as an estimate of the end-of-life value of metalized foils fromMLI which
is ρdegraded = 0.33.
3.5 Deterioration Rate
The change in absorptivity from Table 3.3 has been normalized for 10,000 ESH
and plotted in Figure 3.1. The different materials and orientation of the studied
surfaces make a comparison of the results rather challenging. Per 10,000 ESH,
the overall change ranges from 0.032 to 0.300. The simulated GEO environment
causes the highest change in solar absorptance and is more than twice as high as
the highest value observed in the LEOmissions. Between surfaces with the same
material on one satellite, significant differences are observed for the different
sides. Apart from the difference between GEO and LEO results, no definitive
trend is observed: The V– side on SPOT 5 exhibited a lower increase than the
other two sides. while on HELIOS-2A and DEMETER, the V+ side was the more
robust one. The much higher deterioration rate for the GEO samples may be
related to the different substrate material, the differences in the charged particle
fluences or the fact that the GEO environment was simulated in a ground test.
To gain a rough estimation for the time which is required for the solar reflectance
to degrade completely some simplifying assumptions are made. First, a constant
degradation rate is assumed starting at the initial value of 0.87 and terminating
at the end value of 0.33. Secondly, ESH are assumed to be the sole influencing
parameter for the deterioration rate. The degradation rates presented in Figure
3.1 can now be combined with the ESH for significant spacecraft surfaces from
Table 3.1. For each case, the time can be calculated which it would take for the
optical properties to attain the final value. Table 3.4 shows the resulting time in
years for each case. GEO and LEO spacecraft are kept separate to allow for vari-
ations in the degradation process due to the different environments.
For GEO, the listed surfaces should adequately represent a typical 3 axis sta-
bilized spacecraft. For LEO, the SSO cases do not cover all surfaces of a LEO
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Figure 3.1: Increase in solar absorptance α⊙ normalized to 10,000 ESH. Data reproduced
fromMarco and Remaury (2004) and Remaury et al. (2011)
mission. A line has been added with the ESH of a randomly tumbling plate
(1/4 · 8766h/a) without occultation of the Sun by the Earth. This should give a
better approach to obtaining average results. For GEO, ITO finishing is typically
not used (Marco and Remaury 2004) since its prime purpose is to shield against
atomic oxygen. Only the results for the simple ”GEOAl” case are used for which
the end values would be achieved after six to 20 years depending on the surface.
GEO spacecraft are typically designed for a 15 year mission lifetime. A degra-
dation time of six years therefore seems unrealistically short. The average of the
two given values is 13.5 years. Allowing for a slowing of the deterioration rate
towards the end, a value between 15 and 20 years may be more realistic.
LEO missions show a spread between 31 and 107years with results aggregating
between 30 and 80 years for the randomly tumbling plate. The median value is
46.5/56.0 depending on whether or not the highest value of 107.1 is included or
not.
20
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Table 3.4: Years until the reflectivity of a spacecraft side will degrade by 0.54 for LEO and
GEO orbits. A constant degradation rate is assumed. Values are derived by
combining data from Table 3.1 and Figure 3.1. RT Plate = Randomly Tumbling
Plate.
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3.6 Penetration Depth
Marco and Remaury (2004) studied the effect of UV radiation, electron (e−) and
proton (p+) radiation on some thermal control coatings in a simulated GEO en-
vironment. The exposure on the north/south faces of a three axis stabilized,
geostationary spacecraft over a time frame of three years was simulated. The
equivalent sun hours for UV radiation was 3336 ESH. The penetration depth of
electrons and protons was looked at for a reference material with a density of
1.5 g/cm3 which is similar to that of Kapton and Mylar (see Table 2.1). The en-
ergy of the electron radiation was 400 keV at a flux of 2.22 × 1010 e− cm−2 s−1.
Protons were tested for two energy levels: 240keV and 45 keV at 1.25 × 1011 p+
cm−2 s−1 each. The deepest penetration depth was observed for electrons at
400µm followed by the higher energy proton radiation (3µm) and the lower en-
ergy proton radiation (0.8µm). Interestingly however, the radiation dose which
was absorbed at the different depths was two orders of magnitude lower for the
electron radiation (1 × 1015 e− cm−2) than for the low energy proton radiation
(2 × 1015 p+ cm−2) while the actual fluence was only two times higher from the
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low energy proton radiation. While cover layers may have thicknesses on the
order of five to 10mil (127 to 254µm), the lower reflector layers are typically on
the order of 0.5mil (12.5µm). The simulated proton radiation would therefore be
absorbed by the top cover layer while electron radiation would penetrate several
layers.
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Chapter 4
Probability Distributions
A simple representation of a model which tries to mimic real life processes re-
quires three components: 1) an input, 2) an output and 3) a model which creates
the output based on the given input. When working with unknown factors, i.e.
not all input parameters can be obtained or the relation between the input and
the output has not been understood completely, these unknowns may be de-
scribed through probability distributions which are a measure for the likelihood
of a certain outcome based on a given input. In theory such models however
only give correct results if the outcome of an infinite number of tests is evaluated.
Only by chance will individual simulations match a single observed process per-
fectly. In practice, the number of tests which are performed vary depending on
the required precision.
Typically, the probability distributions call for a non-uniform distribution of num-
bers. In a computational environment, such tests can be simulated by mapping
uniformly distributed random numbers onto a probability distribution. Figure
4.1 shows how such a distribution can be obtained. Initially, a probability density
function is defined. This function approximates the occurrence of different out-
comes of a real life process. The area enclosed by this function within defined
limits is equal to one. Integrating this equation within these limits produces the
probability function. This function returns ’zero’ for the lower limit and ’one’ for
the upper limit. Finally, the function is inverted, resulting in the inverted proba-
bility function. Inserting uniformly distributed values between zero and one into
this function will return values between the previously defined model limits.
The occurrence of the values from this inverted function will reproduce the ini-
tially defined probability density function.
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Figure 4.1: Converting probability density functions for software applications
Since very little is known of the mechanisms behind the creation of MLI debris,
a major requirement was that the probability distributions needed to be as freely
adjustable as possible. The probability density distribution was therefore split
into three sections:
1. Zero probability density section
2. Increasing probability density section
3. Decreasing probability density section
This approach requires that the following conditions aremet by the derived func-
tions:
• The area under a probability density functionmust be equal to ’one’
• The probability density function and its first derivative must be continuously
differentiable for the entire non-negative range of the distribution
• The probability density functionmust be integratable, yielding the probability
function
• The probability functionmust be invertible
A ’zero probability density section’ may be required when modeling the time af-
ter which parts of MLI start to detach from a parent object. Two interchangeable
distributions are derived for the increasing and decreasing density sections re-
spectively. One approach is based on a 1/ cosh2 relation. It is roughly bell shaped
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4.1 Increasing Section: sin – Approach
and asymptotes to zero at ±∞. The second approach is simpler and is based on
a sin relation. It has a real start and end value where it intersects the x-axis. The
current section presents these solutions. The following text including Sections
4.1 to 4.4 have been published in Flegel et al. (2011b) and are reproduced here
without alteration.
The surface under a probability density distribution, such as a gaussian distribu-
tion, is equal to one. For the set of equations proposed here, a scaling parameter
α is introducedwhich ensures that any combination of increasing and decreasing
distributions adheres to this requirement. Figure 4.2 contains the most important
elements of the probability density equations. Equation 4.1 is the condition by
which α is calculated:
P1(α) + P2(α) =
∫ ∆x0+∆x1
∆x0+δx1
p1(x) dx +
∫ ∆x0+∆x1+δx2
∆x0+∆x1
p2(x) dx
= 1 (4.1)
α Scaling parameter
P1 Increasing prob. distribution
P2 Decreasing prob. distribution
p1 Increasing prob. density distribution
p2 Increasing prob. density distribution
The equations needed for the determination of α are given in Table 4.1. The
most important parameters used by the equation presented in this section are
visualized in Figure 4.2.
4.1 Increasing Section: sin – Approach
In Oswald (2001), a trigonometric equation is used as a probability distribution
for modeling space debris. The probability P (x) is defined as
P (x) =
1
2
[1− cos(π x)] for 0 ≤ x ≤ 1 (4.2)
The probability density p(x) is the derivative of the probability distribution and
is the basis for the sin–approach of this study:
25
4 Probability Distributions
P
ro
b
a
b
il
it
y
D
e
n
si
ty
∆x0 ∆x1 ∆x2
δx1 δx2
 
 
 
 
  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
   
 
 
c = 0.001 of max.
value of function
✁
✁☛
Increasing
Distribution
(sin-Appr.)
Decreasing
Distribution
(1/cosh2-Appr.)
Area = 1
✂
✂
✂
✂
✂✌
Figure 4.2: Schematic of an arbitrary probability density.
dP (x)
dx
= p(x) =
π
2
sin [π x] for 0 ≤ x ≤ 1 (4.3)
For our case, the probability density, probability distribution and inverse proba-
bility distribution are presented in eq. (4.4), (4.5) and (4.6) respectively:
For ∆x0 + δx1 ≤ x ≤ ∆x0 +∆x1:
p1(x) = αA
′ π sin [A′ π (x−∆x0)] (4.4)
P1(x) = α
(
cos [A′ π δx1]− cos [A
′ π (x−∆x0)]
)
(4.5)
For 0 ≤ P1(x) ≤ P1(∆x0 +∆x1):
x =
1
A′ π
arccos
[
cos [A′ π δx1]−
P1
α
]
+∆x0 (4.6)
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4.2 Increasing Section: 1/cosh2 – Approach
This increasing probability density distribution starts out with a positive gradi-
ent and increases to a local maximum at ∆x0 + ∆x1. ∆x0 is the length of the
zero probability section. ∆x1 is the section length from the function’s intersec-
tion with the abscissa to its maximum. A parameter δx1 is chosen to offset the
start of the distribution density (see Figure 4.2). The parameterA′ is chosen such
that p1 has a local maximum at∆x0 +∆x1:
A′ =
1
2∆x1
(4.7)
Its function is to ensure that the probability density and gradient are the same
for the increasing and decreasing probability density distributions at their join-
ing point. In order to determine α, we need the total area under the probability
density distribution given by (4.4) as a function of α:
P1(α) =
∫ ∆x0+∆x1
∆x0+δx1
p1(x) dx (4.8)
=
{
α : δx1 ≤ 0
α cos [A′ π δx1] : 0 < δx1 ≤ ∆x1
4.2 Increasing Section: 1/cosh2 – Approach
This increasing probability density distribution asymptotes to +0 for −∞ and
has a local maximum at the defined value∆x0+∆x1. Equations (4.9), (4.10) and
(4.11) are based on the 1/ cosh2 term and contain the probability density, proba-
bility and inverse probability distributions, respectively. As in the sin–approach,
we introduce δx1 to offset the onset of the increasing probability density distri-
bution.
For ∆x0 + δx1 ≤ x ≤ ∆x0 +∆x1:
p1(x) =
αA′ π
cosh2 [A′ π (x− (∆x0 +∆x1))]
(4.9)
P1(x) = α
{
tanh [A′ π (x− (∆x0 +∆x1))]
− tanh [A′ π (δx1 −∆x1)]
}
(4.10)
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For 0 < P1(x) ≤ P1(∆x0 +∆x1):
x =
1
A′ π
· artanh
[
P1
α
+ tanh [A′ π (δx1 −∆x1)]
]
+(∆x0 +∆x1) (4.11)
where ∆x0 is the equivalent length of the zero probability section. Since the
function described here asymptotes to zero for x = −∞, it never completely
reaches zero probability. The value at x = ∆x0 is arbitrarily set to c = 0.1% =
0.001 of the function’s maximum at x = ∆x0 + ∆x1. ∆x1 is user defined and
determines the equation’s parameter A′ according to the following equation:
A′ =
1
π∆x1
arcosh
(√
1/c
)
(4.12)
To determine α, we need the total area under the probability density distribution
given by (4.4) as a function of α:
P1(α) =
∫ ∆x0+∆x1
∆x0+δx1
p1(x) dx
= α tanh [A′ π (∆x1 − δx1)] : −∆x0 ≤ δx1 ≤ ∆x1 (4.13)
4.3 Decreasing Section: sin – Approach
The density distribution starts out with a local maximum and decreases to zero
for ∆x0 + ∆x1 + ∆x2. The gradient at the intersection with the abscissa is neg-
ative. The probability density, probability and inverse probability distribution
are given in equations (4.14), (4.15) and (4.16), respectively. The parameter δx2 is
introduced to offset the termination of the decreasing probability density distri-
bution.
For ∆x0 +∆x1 ≤ x ≤ ∆x0 +∆x1 +∆x2:
p2(x) = αA
′ π sin[B′ π (x− (∆x0 +∆x1 −∆x2))] (4.14)
P2(x) = 1 + α
A′
B′
·
{
cos [B′ π (∆x2 + δx2)]
− cos[B′ π (x− (∆x0 +∆x1 −∆x2))]
}
(4.15)
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For P2(∆x0 +∆x1) ≤ P2(x) ≤ 1:
x =
1
B′ π
arccos
[
cos [B′ π (∆x2 + δx2)]−
B′
A′
(
P2 − 1
α
)]
+(∆x0 +∆x1 −∆x2) (4.16)
where∆x0 is the length of the zero probability section. ∆x1 is the section length
from the function’s intersection with the abscissa to its maximum.
∆x2 is the section length from the function’s maximum until return to zero prob-
ability density. The parameter B′ is calculated according to the following equa-
tion:
B′ =
1
2∆x2
(4.17)
The area enclosed by the probability density equation (4.14) and the abscissa is
calculated as follows, where δx2 ≥ 0:
P2(α) =
∫ ∆x0+∆x1+δx2
∆x0+∆x1
p2(x) dx
=
{
−α A
′
B′ cos [B
′ π (∆x2 + δx2)] : 0 ≤ δx2 < ∆x2
α A
′
B′ : δx2 ≥ ∆x2
(4.18)
4.4 Decreasing Section: 1/ cosh2 – Approach
This decreasing probability density distribution based on 1/ cosh2 starts out with
a local maximum and asymptotes to zero for increasing values of x. The variable
c defines the probability value at∆x0+∆x1+∆x2. The probability density, prob-
ability and inverse probability distribution are given in equations (4.19), (4.20)
and (4.21) respectively. As in the sin–approach, we introduce δx2 to offset the
termination of the decreasing probability density distribution.
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For ∆x0 +∆x1 ≤ x < ∞:
p2(x) =
αA′ π
cosh2 [B′ π (x− (∆x0 +∆x1))]
(4.19)
P2(x) = 1 + α
A′
B′
·
{
tanh[B′ π (x− (∆x0 +∆x1))]
− tanh [B′ π δx2]
}
(4.20)
For P2(∆x0 +∆x1) ≤ P2(x) < 1:
x =
1
B′ π
artanh
[
B′
A′
(
P2 − 1
α
)
+ tanh [B′ π δx2]
]
+(∆x0 +∆x1) (4.21)
where∆x0 is the equivalent length of the zero probability section. Since the func-
tion described here asymptotes to zero for x = +∞, it never completely reaches
zero probability. The value at x = ∆x0+∆x1+∆x2 is arbitrarily set to c = 0.001
of the function’s maximum at x = ∆x0 +∆x1.
∆x2 is user defined and determines the equation’s parameter B′ according to:
B′ =
1
π∆x2
arcosh
(√
1/c
)
(4.22)
The area enclosed by the probability density (4.19) and the abscissa is calculated
as follows, where δx2 ≥ 0.
P2(α) =
∫ ∆x0+∆x1+δx2
∆x0+∆x1
p2(x) dx (4.23)
= α
A′
B′
tanh [B′ π δx2] : δx2 ≥ 0
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Chapter 5
MLI Model History
When the very first version of the models for MLI debris were developed, only
limited information was available which could be used to derive relevant pa-
rameters. Information which could be drawn upon mainly consisted of litera-
ture discussing ground tests of the degradation process of commonly used MLI
material and some knowledge of MLI configurations. All other information
such as fragment size, release velocity and direction as well as deterioration re-
lated ejection rate was either derived by combining information from different
sources or by making plausible initial assumptions. The benchmark for the mod-
els were the observations of high area-to-mass ratio objects in the GEO region by
Schildknecht et al. (2004).
The fundamentals for the MLI models were initially layed out in a student re-
search paper (Flegel 2006). Two mechanisms for the potential release of MLI as
debris were identified for which models were created. One model simulated the
disintegration of MLI during fragmentation events while another took into ac-
count an aging related process in which low numbers of MLI would separate
from the parent object in a continuous process. The initial model check consisted
of comparing simulated object orbit parameters and number of objects larger
than 10 cm to observation results. This comparison did not employ any model
for simulating the actual measuring telescope which had yielded the observa-
tion data. Krag et al. (2008) conducted the first validation by using ESA’s tool
PROOF-2005 to simulate the observation campaigns which had been performed
by AIUB with ESA’s Space Debris Telescope (SDT). PROOF is ESA’s Program
for Radar andOpticalObservation Forecasting. Detailed parameters for the per-
formance of the employed system are fed into a so called ’optical performance
model.’ This model is applied to the simulated debris population of MLI and
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calculates which objects could have been detected by the telescope on a case-
by-case basis. Results showed that for 2005, the modeled GEO detections came
within 10% of the uncorrelated measured detections. A significant drawback
of the model was that educated guesses had to be used to define the shape and
number ofMLI debris releasedduring a spacecraft fragmentation. This approach
was made necessary because no data was available at the time which could be
used to derive this important information.
The initial MLI models were changed in some aspects when theywere integrated
into the MASTER-2009 software. For the first time, fragment size distribution
data was available from ground tests which had been performed at Kyushu Uni-
versity, Japan (Murakami 2008). The user defined fragment number was there-
fore replaced by amodel based on these tests. In this model version, the fragment
size probability distribution was identical for all events. As the satellite mock-
ups from the tests had a cube shape with a side length of 20 cm, fragment sizes
always remained below this threshold. A remediation of this will be discussed
in Chapter 7.3. Other changes were made to the continuous source model. In the
new model, independent probability distributions were introduced for the time
of release of cover layer and reflector layer MLI. For validation, the modeled
population was compared to observation data from ESA’s SDT from the years
2004 to 2007.
The current chapter details the MLI models as implemented into MASTER-2009
which is the state of the last release of the model. Section 5.1 presents general
information on the use and application of MLI on spacecraft. The tumbling mo-
tion and deformation of MLI debris effect the net acceleration due to solar radi-
ation pressure. Section 5.2 discusses how this is taken into account in the mod-
eling. Sections 5.3 and 5.4 describe the fragmentation and continuous source
models respectively. Large parts of the following chapter have been published
in Flegel et al. (2011a) and Flegel et al. (2011b).
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5.1 MASTER-2009 MLI Applications on Spacecraft
The following applications of MLI are taken into account in the MASTER-2009
model:
1. Thermal insulation on the outside of the main body of three-axis stabilized
spacecraft.
2. MLI covering radio-frequency antennae.
The total area ofMLI used for these two applicationsmust be estimated aswell as
the area-loading of the materials used. The total area represents the upper limit
in total debris area which is available to the models. The area-loading is key to
deriving realistic area-to-mass ratios of MLI debris objects. Both applications are
treated separately in the following.
5.1.1 MLI on Satellite Buses
In the current work, the term satellite bus is used to describe the spacecraft struc-
ture without protrusions such as extended solar arrays. It is assumed that all
three-axis stabilized satellites are roughly box shaped. The dimensions in length,
height and depth are extracted from theDatabase and Information System Cha-
racteri-sing Objects in Space (DISCOS) which is maintained and kindly made
available by the European Space Operations Centre (2010). A simple dependency
for the ratio of surface area of the satellite bus (Asatellite bus) vs. satellite beginning-
of-life mass (msatellite) was derived based on data from DISCOS (Flegel 2006):
Asatellite bus
msatellite
= 0.5
(
0.01 +
20
msatellite + 2000
)
(5.1)
As an example, according to Stadermann et al. (1997) and Wright et al. (1995),
much of the European Retrievable Carrier (EuReCa), was covered with an MLI
blanket with a total of 22 layers (see Section 2.2 for details). The bus structure
had dimensions of 4.6× 2.6m (ESA 2008) and the spacecraft mass at launch was
4490kg. Due to the box shape geometry, the MLI covered surface can be esti-
mated to 61.36m2. The two radiators and some boxes on the underside were not
covered by MLI. The radiators were placed on the surfaces from which the solar
arrays protruded and covered almost the entire side (Figure 5.1). The remaining
surface area which could be covered by MLI would be roughly 37.44m2. The
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Figure 5.1: Sketch of European Retrievable Carrier (EuReCa) showing location of radiator
panels reproduced from ESA (2008)
area could also be estimated by using other values which were given by ESA
(2008). The total exposed surface area was allegedly about 140m2, including
99m2 of solar array area. Subtracting 99m2 from the 140m2 leaves 41m2 for
the satellite bus. Removing 4.6× 2m twice for the radiator panels and another
square meter for boxes on the underside which were not covered by MLI, the
remaining area is slightly more than 20m2. This is substantially less than the
previously estimated 37.44m2. Using Equation 5.1, the estimated total surface
area for MLI is 29.37m2. The estimated value is in between the values derived
from online sources.
The total number of layers for the MASTER-2009 model was set to 12 for a con-
servative model. Of these layers, the outer and inner most layer are the cover
layers while the 10 remaining intermediate layers are so called reflector layers. A
mean thickness of the outer and inner layers of 5mil1 is selected. The lowest area
loading advertised by Sheldahl (Sheldahl 2006) was 0.25mil. This was assumed
to be the lowest as well as the most common thickness of the inner reflector
layers. The material densities for all layers range from 1.4 g/cm3 to 2.2 g/cm3
depending on the material used. Spacer material which is often used to separate
the individual layers was not taken into account here.
11mil = 0.001 inch ≈ 25.4µm
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5.1.2 Radio Frequency (RF) Antennae Sun Shields
Performance of RF-antennae is inhibited by signal noise which may be intro-
duced through different sources. Sun shields are used to decrease noise by pre-
venting buildup of static charge and to shield the antennae from direct solar
irradiation. The number of layers used in this model is set to one.
However, not all satellites use parabolic antennae. Iridium satellites as well as
the GPS, GLONASS and Globalstar satellites were assumed to have no RF Sun
shields. Due to the high altitude of GEO satellites, it was assumed that parabolic
antennae with Sun shields were used on all such satellites for communication
with ground stations. In contrast, the LEO satellites are low enough for parabolic
antennae are not to be necessarily required. It was arbitrarily assumed that only
half of the LEO satellites employ parabolic antennae with Sun shields. For the
model, the diameter of all RF-antennae is set to 2.4m. This is about the size of
the C- and Ku-band antennae of the Boeing built Intelsat IS-22, IS-21 and IS-27
of which four antennae with diameters of 2.25m each are used (Boeing 2013).
5.1.3 Area Loading
The area loading is defined through the material and the layer thickness used
for the foils. It can be expressed in mass per area. For objects with low area
loadings such as HAMR objects, it is easier to work with the inverse factor, the
area-to-mass ratio. Independent probability distributions for the cover layerMLI
(one outer and one inner layer), the intermediate reflector layers and RF-antenna
Sun shield foils were created. The material area loading was inferred from ven-
dor information (Sheldahl 2009) and the NASA Multilayer Insulation Material
Guidelines (Finckenor and Dooling 1999). The chosen distributions with limit-
ing and mean area loading factors are given in Table 5.1. A graphic description
of the variables can be found in Figure 4.2.
5.2 Effective Area
MLI fragments can have different shapes. The orbit evolution depends on an
object’s orientation and cross section with respect to the incident radiation (see
Chapter 6). The orbit propagation for these models assumes all fragments to
be spheres while the models produce fragments with more plate like features.
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Table 5.1: MASTER-2009 area loading parameters.
Distribution Area Loading (A/m)loading / m2/kg
Parameter Cover Reflector RF-Antennae
c 0.0001 0.001 0.001
Approach Onset sin 1/ cosh2 sin
∆x0 0.3 50 0.1
∆x0 + δx1 2 60 0.3
∆x0 +∆x1 6 110 3
Approach End 1/ cosh2 1/ cosh2 1/ cosh2
∆x0 +∆x1 + δx2 15 111 15
∆x0 +∆x1 +∆x2 15 115 15
To remediate this initial incompatibility, it is assumed that a tumbling motion
allows a time averaged mean cross section to be derived from the object’s initial
area and deformation relative to an initially flat plate. As a solution to this issue,
the current section introduces a simple equation for the estimation of this effective
area:
Aeff = Aflat · Freflectivity · Fdeformation · Ftumbling (5.2)
Herein, the area of a flat plate Aflat is multiplied by reduction factors F for the
three main influencing parameters. In the following, estimations for the defor-
mation Fdeformation, the tumbling motion Ftumbling and the reflectivity Freflectivity
are given. The relations presented in the current chapter were applied in the
MASTER-2009 model. A revision of the approach is discussed in Chapter 7.2.
5.2.1 Deformation
A core question is how much a single layer of MLI may be expected to deform at
all. Research revealed only two basic modes of deformation. Mode one is given
by the observed fragments from the ground tests. Here, only slight crumpling
was found in most cases. The second mode was observed during Hubble Space
Telescope (HST) servicing missions. The top layer of some insulation blankets
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partially delaminated and curled upwards (Dever et al. 1998). This curling be-
havior may be specific to the aluminum coated FEP material exposed to the LEO
space environment. Pisacane and Moore (1994) states that Teflon-based materi-
als show a significant change in optical properties after a certain dose of elec-
trons/protons at certain energies has been absorbed. While atomic oxygen is
known to be highly corrosive to some materials, it is stated that loss of mate-
rial strength leading to disintegration appears most prominently with Kapton
and Mylar. These findings are supported by more recent on-orbit studies where
38 polymers and pyrolytic graphites were tested on the ISS. The rate of deteri-
oration varied substantially among materials (Banks et al. 2011). As the cause
for the curling behavior observed on HST service missions could not be pin-
pointed, it was decided to adopt this mode as the strongest deformation effect
independently of the material and orbit. The smallest estimated projected area
due to curling was roughly estimated to 0.2 times the original area. Fdeformation is
a value uniformly distributed between 0.2 (curling) and one (no deformation). It
is expressed as a function of the uniformly distributed real number κ:
Fdeformation = (Fdefo,min − Fdefo,max) · κdefo + Fdefo,max (5.3)
Fdefo,min = 0.2 κdefo ∈ [0,1]
Fdefo,max = 1
5.2.2 Tumbling
Tumbling can reduce the time averaged illuminated area which decreases the
effective area. The maximum possible value is one. For plate like objects, this
occurs if the fragment is always oriented perpendicular to the Sun. For spheri-
cal objects, rotation has no effect on the illuminated area. For MASTER-2009, the
lowest value was assumed to be 1/2. This value results from a flat plate spinning
at equal angular rates about two orthogonal axes. For the model, it is assumed
that the maximum deformation into a curled up tube is close to a sphere where
tumbling has no effect. This is a drastic over-simplification but is used never-
theless due to the high uncertainty in the basic assumptions made. Ftumbling is a
uniform distribution between the highest value, ’one,’ which is independent of
the object’s shape, and the lowest value which changes according to the object’s
shape i.e. The lowest value for a flat plate is set to 1/2, for the maximum curling
shape, the lower value is set to 1. For intermediate deformations, the lower value
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changes linearly with the deformation factor. It is expressed as a function of the
uniformly distributed real number κ:
Ftumbling = Ftumb,max − κdefo · κtumb (Ftumb,max − Ftumb,min) (5.4)
Ftumb,min = 0.5 κdefo ∈ [0,1]
Ftumb,max = 1.0 κtumb ∈ [0,1]
If the object is a tube, tumbling should have no effect. In this case, κdefo = 0 and
Ftumbling becomes Ftumb,max. For a plate like object, κdefo = 1 and tumbling can
lead to any value between full reduction (Ftumbling = Ftumb,min) and no reduction
in case of a Sun-oriented fragment (Ftumbling = Ftumb,max).
5.2.3 Reflectivity
For MASTER-2009, the reflectivity coefficient CR was fixed at 1.3. The effect of
reflectivity lower than ’one’ was modeled by reducing the effective area by a
factor which is the reflectivity of the material. The reflectivity of aluminum at
room temperature for visible light was chosen with an approximated constant
value of 0.95 = Freflectivity. This is a very crude first assumption which was later
revised by Fischer (2011).
5.3 MASTER-2009 MLI Fragmentation Model
The data flow within the MLI fragmentation model is depicted in Figure 5.2.
Given data is shown on the left while derived values are presented on the right.
5.3.1 Total MLI Area
The sum of the area of all fragments created by the MLI fragmentation model is
equal to 5% of the total area of insulation material as given by Equation 5.1 and
multiplied by the number of available cover and reflector layers. Ground tests
evaluated by Murakami (2008) indicate that a large amount of MLI area may be
’hidden’ in so called complex fragments. Complex fragments may consist of com-
pletely or partially intact blankets of MLI, in which several layers of insulation
are interconnected (i.e. through seams at the edges). For MASTER-2009, mod-
eling of these fragments was not included. Their equivalent mass is processed
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Given Data Derived Data
Satellite mass Total MLI area
Ground tests Lc of debris
Debris area
Debris mass
Reduced A/m
for propagation
A/m from MLI
manufacturer
Added velocity
Release time
= Event time
Event time
Figure 5.2: Structure of MLI fragmentation model.
along with the rest of the object by the modified NASA Breakup Model for stan-
dard fragmentations (Flegel et al. 2011a). For MASTER-2009, 10 reflector layers
and two cover layers were simulated in fragmentations. Using Equation 5.1, the
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total area of reflector-/cover-layer foil Ar/c is given by:
Ar/c = nlayers ·
(
1− Fcomplex
)
·
[
0.5
(
0.01 +
20
msatellite + 2000
)
·msatellite
]
nlayers =
{
2 : cover layers
10 : reflector layers
Fcomplex = 0.95 (5.5)
5.3.2 Debris (Fragment) Characteristic Length
The MLI fragmentation model parameters were based upon two ground tests
which were performed at Kyushu University, Japan, in cooperation with NASA’s
Orbital Debris Program Office (Murakami 2008). In both tests a cube shaped
satellite mockup, was shot at. The impact energy was about 40 J/g in each test,
leading to the complete fragmentation of the model. The size of the mockup was
20x20x20cm, a solar panel approximately 20x20cmwasmounted flat to one side.
All remaining sides were covered by six layers of MLI. In the test termed ’Shot F’,
the satellite was shot at from the side of the solar array, in ’Shot R’, the projectile
penetrated the satellite from the opposite side. In both cases, the impact was
perpendicular to the surface. The characteristic length Lc of the fragments was
derived using three orthogonal dimensions of the objects:
Lc =
1
3
(X + Y + Z) (5.6)
For plates with complex shapes, X is the largest dimension and Y is the second
largest dimension. For oblong platesX and Y are calculated from the length and
width (Murakami 2008). The applied methods were the same as those which
were used in analyzing the fragments from the SOCIT-4 tests. The data from
the SOCIT-4 test results made up the basis for the small particle size regime of
the NASA breakup model (Johnson et al. 2001). Figure 5.3 shows the reverse cu-
mulated number of MLI fragments versus the characteristic length from the two
ground tests. A mean fit of the two data curves is shown in Figure 5.4. The de-
rived parameters of this distribution are given in Table 5.2. The major draw-back
of the MASTER-2009model implementation is that the distribution of character-
istic lengths among the simulated fragments are applied to all spacecraft frag-
mentations equally. The size of the fragments produced by a satellite with a 4m
x 4m x 5m will therefore produce fragments of the same size as a satellite with
a side length of just a few centimeters.
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Figure 5.3: Characteristic length Lc of MLI fragments from ground tests at Kyushu Uni-
versity. In ’Shot F,’ the satellite was shot at from the side of the solar array. In
’Shot R,’ the satellite was shot at from the side opposite the solar array. The y-
axis shows the total number of MLI fragments which are larger than the given
characteristic length. Both plots were supplied by J. Murakami in personal
communication (Murakami 2009).
5.3.3 Debris Fragment Area
The sum of the areas of all fragments must in the end be equal to the total avail-
able MLI area derived by Equation 5.5. Therefore, the actual area of the piece of
MLImust be knownwithin the model. So far, the only known parameter relating
to the size is the characteristic length which takes into account 3-dimensional de-
formation. A relation must therefore be found between the characteristic length
and the actual area of theMLI piece. One possibility is to assume initially that the
true area of the fragment is close to the square of the characteristic length. Devi-
ations from this assumption can then be accounted for by including a correction
factor Fconversion:
Aflat = L
2
c · Fconversion (5.7)
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Figure 5.4: Derived fits for characteristic length of shots F and R and of the mean fit used
in the MLI model.
The index flat indicates that the actual area of the smoothed out piece of MLI
is meant and not the projected area of the 3-dimensionally deformed fragment.
The areaAflat can be calculated if the area loading of the material and the object’s
mass are known:
Aflat =
(
Aflat
m
)
·m (5.8)
In the ground tests, the cover layers had a loading of Aflat/m = 0.035kg/m2 and
the reflector layers had a value of 0.008kg/m2. The mass was given in terms of
mass vs. characteristic length plots. Combining equations 5.7 and 5.8 results in:
m = L2c · Fconversion ·
(
Aflat
m
)−1
(5.9)
This relation can now be fitted to the given data via the sought correction factor
Fconversion. This value was found to be almost identical to one. This is a good
indication for the applicability of the method which was used to derive the char-
acteristic length of the fragments in the first place. Equation 5.7 thus simplifies
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Table 5.2: MASTER-2009 MLI Fragmentation Model: Distribution parameters for charac-
teristic length Lc. A graphic description of the variables can be found in Figure
4.2.
Distribution Parameter Characteristic Length Lc /
log
10
(m)
c 0.0001
Approach Onset sin
∆x0 -3
∆x0 + δx1 -3
∆x0 +∆x1 -1.7
Approach End 1/ cosh2
∆x0 +∆x1 + δx2 1.5
∆x0 +∆x1 +∆x2 -0.7
to the term also applied in the model:
Aflat = L
2
c (5.10)
5.3.4 Debris Fragment Mass
Having established the area for each fragment, the object’s mass is simply given
by:
m = Aflat ·
(
Aflat
m
)−1
(5.11)
For each fragment, the area loading (Aflat/m) is precisely defined through the
used material. For modeling purposes, this ratio is determined based on the
probability distributions for different MLI types. The required values have been
derived in the previous section and are presented in Table 5.1. At this stage, the
characteristic length Lc, the mass m and the area of the smoothed out fragment
Aflat are known.
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5.3.5 Added Velocity
At the time of the model release, no data was known to the author explicitly
detailing the velocity transferred to MLI debris during a fragmentation. In the
initial attempt to simulate this process, the velocity distribution from the NASA-
Breakup model was used.
5.3.6 Release Time
In the current MLI fragmentation model, MLI debris is only produced at the
time of the fragmentation event. In reality, complex fragments are created which
consist of several layers of MLI. These are in essence blankets which have lost
some of their structural integrity. Such fragments may dissolve over time leading
to ’post fragmentation delamination.’ The MASTER-2009 MLI model does not
taken this into account.
5.4 MASTER-2009 Continuous MLI Source Model
The continuous MLI debris source model tries to account for deterioration of
MLI which can lead to slow disintegration of the thermal insulation whereby in-
dividual fragments are released. Satellites are designed for a specific operating
environment and mission duration where ageing processes, especially of optical
properties, are taken into account. The current model was based on the idea that
material deterioration may accelerate quickly after mission end. Once the active
part of the thermal control subsystem as well as the attitude control subsystem
has been powered down, temperature gradients and amplitudes will increase.
Thermal cycling is one effect known to degrade mechanical and optical proper-
ties of common MLI materials (ESA-ESTEC 2009).
Only the release of single layer debris is simulated. This is thought to occur when
deterioration causes the insulating material to lose part of its structural integrity,
making it susceptible to tearing. Detachment of interconnected layers or entire
MLI blankets is not taken into account. Based on this premise, three stages are
identified leading up to the release of MLI fragments:
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1. tear initiation,
2. tear propagation and
3. foil separation.
This chapter gives only a brief overview of some important factors concerning
these stages. For a detailed account, the reader is referred to Flegel (2006). Tear
initiation occurs in regions of highest stress and is enhanced by material degra-
dation (de Groh and Smith 1997). Regions of increased stress may be locations
where the MLI blankets are attached to the spacecraft structure, places in which
the layers are bonded to one another (i.e. by being sown together), in corners
or around cutouts. This was also observed for instance during inspections of
Teflon R© FEP returned from the Hubble Space Telescope from the first and sec-
ond service missions (Dever et al. 1998). Tearing can be started by external or in-
ternal forces. External forces are incurred for instance during spacecraft maneu-
vering, during launch or when particles impact the insulation. MASTER-2009’s
intrinsic calculation of the flux vs. ballistic limit reveals that for the year 2009
on the order of 440 particles could penetrate one square meter of a wall with a
thickness of 100µmon a LEO Sun-synchronous orbit and about 140 on a GEO or-
bit. Pre-launch damaging of the MLI could also lead to detaching of MLI during
or after launch, if gone undetected. The Cassini Huygens launch, for instance,
was postponed when pre-launch tests on the launch pad revealed ruptured MLI
(ESA 1997). The Venus Express launch was also delayed when pieces of MLI
from the Fregat upper stage were found in the rocket fairing and on the Venus
Express spacecraft (ESA 2005). Thermal cycling is an important internal force
which can cause tear initiation (de Groh et al. 1998, Townsend et al. 1998). Sam-
ples of Aluminum-FEP which were retrieved from the Hubble Space Telescope,
exhibited cracks near the seams of the blankets (Dever et al. 1998). Similar to
tear initiation, tear propagation requires the presence of stresses which can be
caused either by external or internal forces. Cyclic loading, for instance, through
thermal cycles can weaken a material and lead to crack propagation even if the
material’s ultimate tensile strength is not exceeded. Once a crack has exceeded
a critical, material and load type dependent length, the remaining material will
fail quickly. Linear Elastic Fracture Mechanisms (LEFM) is one of the most im-
portant theories on crack propagation for rigid materials describing this effect.
The major difference between rigid materials and foils is that foils will not crin-
kle under pressure loads. Differently from tear initiation and tear propagation,
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internal forces dissappear once the foil is held in place at only a few remaining
points. Foil separation can therefore only be induced through external forces.
The data flow of the continuous MLI debris source model is similar to that of the
fragmentation model (see Figure 5.5). The most prominent differences are the
time of release of the fragments and the data underlying the derivation of the
characteristic fragment length.
Given Data Derived Data
Satellite mass Total MLI area
Ground tests Lc of debris
Debris area
Debris mass
Reduced A/m
for propagation
A/m from MLI
manufacturer
Constant
added velocity
Release time
Speed of material
degradation
Ground and
space ob-
servations
Figure 5.5: Structure of MLI continuous source model.
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5.4.1 Debris Object Characteristic Length
No ground tests were known which detailed possible fragment sizes resulting
from the mechanism under discussion. The characteristic length was therefore
estimated based on plausible assumptions alone. A differentiationwas made be-
tween MLI used on the satellite bus and RF-antennae sun shields. In both cases,
generic distributions were defined in the interval [0..1]. The resulting value was
then multiplied by the derived maximum value for Lc for each parent object.
MASTER-2009 parameters of this distribution are given in Table 5.3.
For satellite buses, the longest possible characteristic length is given through
the available coherent area. The definition of this area is based on equation 5.1.
The rationale behind choosing this value arises from the knowledge that most
surfaces of satellite buses are interrupted by protrusions such as sensors or solar
panels. Based on the hypothesis that crack propagation is related to areas with
high stress, it is assumed that tears will continue along the MLI blanket edges
and travel to the nearest protruding instrument. The approximated distance be-
tween a protrusion and an MLI edge is 15% of the satellite side length. The
minimum and maximum values are set to 0% and 100% of a satellite side with
the value of highest probability being 15%. The probability density distribution
is completely defined through the 1/ cosh2 approach.
Also for RF-antennae sun shields, regions of highest stress will be the edges,
where the foil is fastened to the structure. The shields differ from MLI on the
satellite bus in that they are often installed tautly over the antennae, increasing
the overall level of stress in the material. The largest pieces of debris are assumed
to be produced in the case that a crack propagates not along the edge, but across
the center region to the opposite side. This could lead to pieces with sizes on the
order of half of the area of the sun shield. The minimum, mean and maximum
values for the probability distribution for characteristic lengths were set to 0m,
0.9m and 2m. The standard diameter of an RF-antennae was found to be 2.4m
(see Section 5.1.2). Again, the 1/ cosh2 approach is chosen for the probability
density distribution.
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Table 5.3: MASTER-2009 Continuous MLI Source: Distribution parameters for character-
istic length Lc. A graphic description of the variables can be found in Figure
4.2.
Distribution Characteristic Length Lc
Parameter Cover Reflector RF-Antenna
Unit % % m
c 0.001 0.001 0.001
Approach Onset 1/ cosh2 1/ cosh2 1/ cosh2
∆x0 0 0 0
∆x0 + δx1 0 0 0
∆x0 +∆x1 0.15 0.15 0.9
Approach End 1/ cosh2 1/ cosh2 1/ cosh2
∆x0 +∆x1 + δx2 1 1 2.06
∆x0 +∆x1 +∆x2 1 1 2.06
5.4.2 Total MLI Area, Debris Object Area and Debris Object
Mass
The total MLI area processed by the model is given by Equation 5.5. The area of
each debris object is estimated based on the characteristic length using Equation
5.10. The mass of the individual objects is then obtained using Equation 5.11.
5.4.3 Added Velocity
The forces exerted on MLI are small compared to the fragmentation mechanism
(Flegel 2006). In NASA’s History of On-Orbit Fragmentations (Johnson et al.
2008), small release velocities for debris are documented. Whenever small num-
bers of trackable objects are observed to drift away from a parent object, these
events are termed ’anomalous.’ For the continuous debris source MLI model, a
constant delta velocity of one meter per second is assigned to all fragments.
The direction is assigned in such a way that a uniform distribution is achieved
in Cartesian coordinates. The equation proposed by Oswald (2001) is used. The
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direction of the release velocity is defined in spherical coordinates by right ascen-
sion and declination. In right ascension, a value uniformly distributed between
0 and 2 π can be used. The declination δ must take into account the increasing
density of the meridians around the poles. A value κ is therefore introduced
which maps a uniform distribution between 0 and 1 to a non-uniform distribu-
tion between −π and +π for δ:
κsph =
arccos (1− 2κ)
π
; 0 ≤ κ ≤ 1
δ = π · κsph −
π
2
(5.12)
5.4.4 Release Time
The continuous MLI debris source model is based on the premise that mechan-
ical material properties degrade to the point where given external or internal
forces finally cause parts of MLI to detach from the parent object. The time of
’release’ therefore basically depends on the rate of deterioration and the acting
forces.
Individual distributions were defined for the outer two layers of MLI and RF-
antenna sun shields. The concept used to estimate the key parameters of the
probability distribution starts out with the hypothesis that in the event that all
MLI on a spacecraft were perfectly homogeneous, that all material properties
along with the rate of deterioration and all external and internal forces and
stresses were identical, that all of the MLI would fail simultaneously. Differ-
ences in the initial material properties, the rate of deterioration and acting forces
cause different parts of MLI to fail at different times. Estimating the effect that
these differences have on the time of release then becomes the key to obtaining
realistic probability distributions for the time of release. In the first model, val-
ues were estimated using educated guesses (Flegel 2006). In total, such effects
were assumed to cause a difference of 55 years between delamination of the first
and last fragment from the top most layer of MLI on a spacecraft bus.
Influences which affect thermal insulation material properties were researched
extensively. Onset of delamination was finally estimated using equivalent solar
hours (ESH). This was based in part on findings from ground tests, but mostly
through analysis of results fromHubble-Space Telescope (HST) service missions.
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During the second servicing mission, the thermal insulation system was found
to have cracked severely. At this time, the material had absorbed approximately
19,300ESH. By the third servicing mission, the new thermal protection had been
exposed to about 13,600ESH and the amount of cracking was far less. A single
side of a three axis stabilized satellite in GEO accumulates similar amounts of
ESH after about six to seven years. Of course the space environment in GEO
is completely different from that in LEO. The corrosive atomic oxygen which is
abundant in the vicinity of the HST but does not exist in GEO is but one example.
This value was nevertheless used as an initial estimate of the order of magnitude
in which deterioration could lead to release of MLI fragments. The values chosen
for MASTER-2009 are given in Table 5.4.
Table 5.4: MASTER-2009 Continuous MLI Source: Distribution parameters for release
time. A graphic description of the variables can be found in Figure 4.2.
Distribution Time of Release
Parameter Cover Reflector RF-Antennae
Unit years years years
c 0.001 0.001 0.001
Approach Onset 1/ cosh2 1/ cosh2 1/ cosh2
∆x0 0 0 0
∆x0 + δx1 7 14 15
∆x0 +∆x1 21 36 25
Approach End 1/ cosh2 1/ cosh2 1/ cosh2
∆x0 +∆x1 + δx2 200 200 50
∆x0 +∆x1 +∆x2 100 100 100
5.5 MASTER-2009 MLI Population
The model validation was performed by comparing PROOF simulations of the
2004 to 2007 ESA-SDT campaigns to the actual detections. Results were filtered
so that only detections with magnitudes between +14 and +20 were taken into
account. The limit of +20 magnitude is given by the instrument’s sensitivity
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which starts to tail off around +19 to +20. The upper value of +14 magnitude
was chosen for the validation of all GEO space debris objects of the MASTER
population. Observations brighter than +14 magnitude can usually be attributed
to spacecraft or rocket bodies. Since the comparison was aimed primarily at val-
idating the debris source models, only objects fainter than +14 magnitude were
looked at. This threshold is reviewed in Chapter 8 as publications show that ob-
jects which can not be correlatedwith any objects in the Satellite Situation Report
exist at all visible magnitudes (Schildknecht et al. 2010). The validation result is
shown in Table 5.5. For the chosen magnitude range, the simulated data lies
within 6% of the measurements for all years prior to 2007. For 2007 the devia-
tion is 26%. A steady increase in the detected objects is seen for the years 2004
to 2006. From 2006 to 2007, the number of detections drops by 42%. This drop
is also reflected in the simulation but at a lower rate. In the simulations, MLI
contributes up to 45% of the detected objects.
Table 5.5: Number of objects with magnitudes between +14 and +20 magnitude. Com-
parison of simulation with ESA-SDT measurements taken from Flegel et al.
(2011b).
Data Source 2004 2005 2006 2007
ESA-SDT (Total: +14 - +20 magnitude) 464 625 726 422
PROOF- (Total: +14 - +20 magnitude) 465 661 702 533
PROOF- (MLI only: +14 - +20 magnitude) 182 177 319 229
PROOF- (MLI only: all magnitudes) 215 321 364 284
Table 5.6 shows the dominance of MLI fragments from the continuous debris
source model in the 10 cm population for the reference epoch of May 2009. Fig-
ures 5.6 compare the ESA-SDTdetections for the years 2004 to 2007 to the PROOF
simulations. The term tracklets in the figures presenting the ESA-SDT measure-
ments is synonymous to the term detections in the PROOF results. A tracklet
describes a short arc of the orbit of an observed object. Tracklets are typically
constructed from consecutive observations of an object. One object may produce
multiple tracklets if it is observed at different times. The figures show the in-
clination versus right ascension of ascending node (RAAN) distribution of the
objects. Third body perturbations from the Sun and Moon cause the inclination
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Table 5.6: Simulated number of in-orbit objects for May 1st, 2009 (Flegel et al. 2011b).
Size range Fragmentation Continuous Source
debris objects
> 1µm 16,908 5,333
> 1mm 16,908 5,333
> 1 cm 10,457 5,333
> 10 cm 831 4,919
of GSO objects with area-to-mass ratios below about 1m2/kg to increase to about
16degrees and to decrease again to 0 degrees before restarting the cycle. In the
same time frame, the RAAN decreases from around +180degrees at 0 degrees in-
clination to about -180 degrees. The time period is 53 years. HAMR objects are
subjected to the same cycle, but amplified by radiation pressure. This leads to
larger inclinations and a reduced cycle period. In addition HAMR objects from
the continuous source model especially seem to exhibit variations in this behav-
ior, causing them to occupy areas in the inclination vs. RAAN representation
where other objects are much less abundant. These areas include non-zero in-
clinations around 180degrees RAAN and inclinations below 15degrees around
0degrees RAAN. An explanation of this behaviour is given in Section 7.4.
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Figure 5.6: Tracklets from ESA-SDT surveys (left). PROOF detections for MASTER-2009
MLI population (right). The red circles and black triangles in the simulation
results represent non-MLI and MLI debris respectively.
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Chapter 6
Orbit Prediction of HAMR
Objects
The current section expands on the results which were presented at the Ad-
vanced Maui Optical and Space Surveillance Technologies Conference in 2012
and are published in the conference proceedings (Flegel et al. 2012). The pertur-
bation acceleration of electromagnetic radiation which is absorbed or reflected
by an object increases linearly with the effective area of the object over its mass
(see Sections 6.2 and 6.3). Since this force is applied over a non-zero surface area
the common terminology for this effect is radiation pressure. Multi-layer insula-
tion typically consists of a stack of thin, metalized foils separated by light-weight
spacermaterial. The outer and inner cover foil are typically thicker than the inner
reflector layers. Although the unit of the area loading of a material is identical
to that of the area-to-mass ratio, the area loading does not take into account the
orientation with respect to the radiation source or the deformation. The area
loading of the cover layers is expected to be on the order of 6m2/kg while that
of the reflector layers can reach values of up to 115m2/kg (Section 5.1).
Figure 6.1 shows the relation of major acceleration forces over distance from the
Earth’s center. In terms of radiation pressure perturbations, only the direct so-
lar radiation pressure (SRP) for spherical objects is shown. The accelerations
were determined using the numerical propagator ZUNIEM which is described
in Section 6.2. Accelerations are averaged over several revolutions and are cal-
culated for circular orbits in the equatorial plane. Atmospheric drag acceleration
is calculated but not applied so that data for objects in LEO is not skewed by
orbital decay. Non-spherical Earth effects are modeled up to degree and order
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Figure 6.1: Order of magnitude of selected accelerations on objects orbiting Earth versus
distance from the Earth’s center. Direct solar radiation pressure (SRP) acceler-
ations are given for area-to-mass ratios of 1m2/kg and 100m2/kg.
12. For area-to-mass ratios of 1m2/kg, the solar radiation pressure accelerations
are on the order of the solar and lunar perturbations. At 100m2/kg, the direct
solar radiation pressure acceleration becomes the dominant perturbation at GEO
altitudes. For these very high area-to-mass ratios it stands to reason that other in-
fluences such as object shape and orientation as well as weaker radiation sources
such as radiation reflected or emitted from the Earth can have non-negligible ef-
fects.
It is the aim of this chapter to gain some insight into the orbit prediction errors
of large HAMR object populations which may result from simplified radiation
pressure models. Orbit evolution will be modeled using a special perturbations
based propagator. Initially an overview is given of sources of potential errors
in radiation pressure modeling. This is followed by a short description of the
special perturbations propagator as well as adaptations which were made in
order to account for some additional radiation pressure effects. The influence
of these effects is exemplified through comparison to spherical HAMR objects
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which are perturbed only by direct solar radiation pressure and taking into ac-
count the Earth’s shadow. The orbit evolution of individual objects and larger
HAMR object populations is looked at. The chapter finishes with a summary of
the findings.
6.1 Overview of Effects
For the case of HAMRobjects, the effect of different physical models on the object
position prediction accuracy is discussed for instance by Kelecy and Jah (2009a),
Kelecy and Jah (2009b) and DeMars et al. (2011). Vallado (2005) gives a list of
some common simplifications in modeling approaches and in the computations
and compares their effects on the orbit evolution. Accurately calculating the
influence of non-conservative forces such as radiation pressure with eclipse pe-
riods or atmospheric drag is a difficult task. It becomes even more challenging
when abrupt changes in the perturbations occur as, for example, when an object
crosses into or out of the Earth’s shadow. This especially is an issue for numer-
ical integrators. The accuracy of the orbit prediction is therefore increasingly
affected by the methods which are used to solve the equations of motion. Sta-
tistical populations try to describe the distribution and the evolution of a group
of objects as a whole. For this case it may therefore be possible to give up some
precision for individual objects while retaining sufficient accuracy for describing
the behavior of the group. This approach has been chosen for many major space
debris models including ESA’s Meteoroid and Space Debris Terrestrial Environ-
ment Reference (MASTER ).
Table 6.1 summarizes the deviations in position prediction accuracy as found by
different authors. The error arising from not propagating to the exact points of
the Earth’s shadow boundary are also listed for comparison as shadow boundary
mitigation. The results presented by Kelecy and Jah (2009a) and in Kelecy and Jah
(2009b) use objects in the GEO region while Vallado (2005) presented the results
for a GPS type orbit. All authors use a Monte-Carlo approach to define the initial
orbit conditions. The limits for the orbit parameters defined by Kelecy and Jah
for GEO are typically 38,000-46,000km for the semi-major axis, 0.0-0.4 for eccen-
tricity and 0-10degrees for inclination. Area-to-mass ratio values are uniformly
distributed between 0.1 and 20m2/kg, unless stated otherwise. The presented
numbers published by Vallado are based on a single GPS satellite with an un-
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specified area-to-mass ratio. His results show that the accuracy of a numerical
propagator may depend more on the correct treatment of the transition into and
out of the Earth’s shadow than the use of a high fidelity shadow model.
Table 6.1: Overview of some results of different radiation pressuremodels on the position
prediction accuracy. The average deviation is given in kilometers after a fixed
time frame presented in brackets.
Model Baseline Average Influence
Fixed Plate vs. Rotating Cube1 GEO 200 – 300 km (7 days)
30% change in Diffuse- and Specular Reflec-
tivity and Absorption1
GEO 50 – 100 km (7 days)
1% change in (A/m)eff 1 GEO 10 – 20 km (7days)
Cylindrical vs. Physical ShadowModel1 GEO 1 – 2km (7days)
Thermal Emission Dynamic Temperature vs.
Constant Temperature (fixed orientation)2
GEO 60 – 80 km (1day)
Thermal Emission Fixed Orientation vs. Ran-
dom Rotation (constant temperature)2
GEO 40 – 60 km (1day)
No Shadow vs. Dual-Cone ShadowModel3 GPS 10−2 – 10−1 km (4days)
Shadow Boundary Mitigation3 GPS 10−3 – 10−2 km (4days)
Cylindrical vs. Dual-Cone Shadow Model3 GPS ca. 10−3 km (4days)
Light delay from Sun to central body vs. Sun
to satellite3
GPS 10−4 – 10−3 km (4days)
No light delay from Sun vs. light delay from
Sun to satellite3
GPS 10−4 – 10−3 km (4days)
Increased effective Earth radius vs. Attenua-
tion from Atmosphere3
GPS 10−5 – 10−4 km (4days)
Thermal emissions seem to have the highest influence followed by fixed plate
vs. rotating cube. Cylindrical vs. dual-cone shadow model is the only effect
taken into account by both Kelecy and Vallado although implementations differ.
For the current work, it is decided to concentrate on the effect of oriented and
rotating objects.
1Kelecy and Jah (2009a)
2Kelecy and Jah (2009b)
3Vallado (2005)
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6.2 Special Perturbations Model
The current section gives an overview of the numerical propagator ZUNIEM
(Zuschlag Numerical Integration of the Equations of Motion) which is being
developed at the Institute of Aerospace Systems of the Technische Universität
Braunschweig. This propagator is expanded in the current work to analyze the
effects of perturbative forces specific to HAMR objects.
Integrating equations of motion The equation of motion of an arbitrary object
in Earth orbit is given by:
r¨(t) = −
µ
r3
· r(t) + f(t) (6.1)
In this equation, r is the time variant position of the object, µ is the Earth’s grav-
ity constant and f is the sum of all time dependent perturbing acceleration. In-
troducing a state-vector X and its time derivative X˙ (Equation 6.2) allows to
reformulate the three second-order differential equations from Equation 6.1 into
six coupled first-order differential equations. The advantage of this variation of
Cowell’s formulation is that more integration methods exist for solving of first-
order differential equations than exist for second-order differential equations.
ZUNIEM in the current version uses the Shampine-Gordon multi-step, single
integration technique.
X =
(
r
r˙
)
X˙ =
(
r˙
− µr3 · r(t) + f(t)
)
(6.2)
Earth geopotential Acceleration due to the non-spherical Earth gravity field
are modeled by calculating the partial derivatives of Earth’s potential in the
Geocentric Celestial Reference Frame (GCRF) (Vallado and McClain 2007). The
Earth’s potential is described through the deviation from a spherical one. Us-
ing spherical harmonics, this is done through Legendre polynomials which are
weighted by numerical coefficients Cn,m and Sn,m. The indices n and m are in-
tegers which dictate the degree and order of the variations. Setting n and m to
zero returns the spherical potential. Low non-zero values describe the primary
deformation of the Earth. As an example, n = 2 and m = 0 give a relation for
the Earth’s flattening which results from its rotation. This deformation causes a
secular drift in the right ascension of the ascending node of orbiting objects. It is
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especially important to account for this perturbation when predicting the evolu-
tion of low Earth orbits. In general, zonal harmonics (m = 0) describe how the
Earth’s potential changes between latitudes. Sectoral harmonics (m = n) model
changes in longitude and tesseral harmonics (m,n 6= 0 and m 6= n) try to repro-
duce changes in specific regions of the Earth. With increasing values of n andm,
the modeled zones become smaller.
Themajor deformations create the largest orbit variations. Only zonal harmonics
with even values for n produce secular changes. At geosynchronous altitudes,
deformations of the Earth’s equator which are described through sectoral and
tesseral harmonics cause the objects to librate about two stable points on oppo-
site sides of the Earth. Which harmonics are required to adequately describe the
orbital evolution of an object thus depends on the initial orbit and especially the
orbit altitude. Absolute values of acceleration stemming from the Earth’s grav-
ity decrease with the square of the distance (compare Equation 6.1 and Figure
6.1). Semi-analytic models typically try to capture secular, long-periodic, and
sometimes also major resonance effects on the orbit evolution. Most of these are
accounted for by harmonics up to degree and order 6 (Vallado and McClain 2007,
Klinkrad and Martin 2006). For the current study harmonics up to n = m = 12
are simulated.
Direct solar radiation pressure In the current section, radiation pressure is
modeled for a body with a finite number of flat surfaces and the Sun as the only
radiation source (see Equation 6.3). Self radiation is not taken into account. A
generic formulation for multiple sources of radiation is given in Appendix D.
The bi-conic Earth shadow model according to Montenbruck and Gill (2000) is
used. Figure 6.2 shows the definition of the relevant vectors.
aRP = −
Φ⊙ S⊙
mobj c
n∑
i=1
[
Ri,⊙
(si,⊙ ◦ ni)
||s||i,⊙ · ||n||i
Ai
]
; ∀ (si,⊙ ◦ni) > 0 (6.3)
n total number of surface elements of object –
aRP radiation pressure acceleration m/s
mobj object mass kg
c speed of light m/s
Ai area of flat surface element i m2
Φ⊙ electromagnetic radiation flux from Sun W/m2
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S⊙ shadow function for occultation of Sun by Earth ∈ [0,1]
Ri,⊙ reflectance vector for flat surface element i relative to Sun ||R|| ∈ [1,2]
si,⊙ vector pointing from surface element i to Sun m
ni surface element i normal vector m
Ai
si,⊙
ni
Figure 6.2: Vector definition for incident radiation on surface i from the Sun (⊙).
Atmosphere The NRLMSISE-00 (NRLMass Spectrometer and Incoherent Scat-
ter Radar)model is used to determine atmospheric density. Themodel inputs are
daily as well as 81-day centered values of the 10.7-cm solar radio flux (F10.7) and
3-hour geomagnetic activity index values (Ap) alongwith the daily average value
(Picone et al. 2002). Parameters are provided via www.celestrak.com which
are updated every 3 hours. Additionally historic data starting from January 1962
and predictions for F10.7 values are provided for 10 years.
Sun and Moon gravity Gravitational attraction from Sun and Moon are mod-
eled based on the assumption of point masses. The rotation of Earth and Moon
around a common center of mass is taken into account.
6.3 Extending the Special Perturbations Model
Radiation pressure acting on single surface elements of debris fragments will re-
sult in a translational acceleration and a rotational acceleration. In order tomodel
this effect, a six degrees-of-freedom (DOF) model must be constructed. The per-
formance of such a model has been demonstrated by DeMars et al. (2011) for in-
stance. Such a model requires a detailed understanding of the fragment shapes
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to be modeled. In the current study, it will be assumed that all MLI fragments
consist of flat plates with homogeneous optical properties over the two surfaces.
For this case, rotational acceleration due to radiation pressure exists only in spe-
cial cases such as during transit of the Earth’s shadow boundary. In the current
work the effect of the orientation, as well as the optical properties of the two
opposing sides is modeled using a three DOF model for the translational accel-
erations alone.
In this section the mathematical ground work is initially presented which is re-
quired for the implementation of oriented and rotating objects into the software
ZUNIEM . The section closes with an investigation of the influence of orientation
and rotating motion on the orbit evolution of single objects and on a statistical
HAMR object population.
6.3.1 Inertially Fixed and Rotating Plates
The current section gives the formulations required to describe a surface which is
defined in a body framewhich in turn has a known orientation within an inertial
frame. Finally, the approach chosen to simulate a rotating motion is described.
Object Surfaces in Body Frame Surface normal vectors ni define the orienta-
tion of each external surface iwithin a body fixed frame (index B ):
nBi = n
T
i · e
B (6.4)
where the basis of the right-handed orthonormal body frame is given by:
eB =

 exBeyB
ezB

 (6.5)
Object Surfaces in Inertial Frame Within ZUNIEM, all translational accelera-
tions are calculated in the Earth Centered Inertial (ECI) reference frame. As such,
Equation 6.3 is also given in ECI coordinates. The orientation of a surface normal
vector nBi expressed in the ECI frame (index E ) can be obtained through a rota-
tion. This is done by multiplying the vector with the so called direction-cosine
matrix TBE :
nEi = T
B
E · n
B
i . (6.6)
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In the current form, the direction-cosine matrix contains the three axes exE , eyE ,
ezE of the ECI frame expressed in the body frame 1:
TBE =

 exEeyE
ezE


B
. (6.9)
The direction-cosine matrix may be derived using different approaches. A com-
mon method is by performing three successive rotations about the ephemeral
axes of the body frame. The three angles used in this process are called Euler
angles. Another method is possible by rotating the body frame only once by an
angle µ = ||µ|| about a vector µ with fixed orientation in the ECI frame. This
latter option is the basis of the quaternions which were introduced by Hamilton
(1848). A quaternion q is basically a vector with four elements:
q =


q1
q2
q3
q4

 =
(
µ
||µ|| · sin
µ
2
cos µ
2
)
=


µx
||µ|| · sin
µ
2
µy
||µ|| · sin
µ
2
µz
||µ|| · sin
µ
2
cos µ
2

 (6.10)
Because a quaternion uses four elements to describe a three-dimensional prob-
lem, one additional constraint must be given:
q21 + q
2
2 + q
2
3 + q
2
4 = 1. (6.11)
A special case exists for zero rotation angle quaternion: qT = (0,0,0,1). The
direction cosine matrix in Equation 6.6 can be expressed through Euler angles
1For clarification: If the ECI frame were rotated about the exB axis of the body frame by an angle
α, then the representation of these axes in the body frame would be:
e
B
xE =


1
0
0


T
e
B
yE =


0
cosα
sinα


T
e
B
zE =


0
− sinα
cosα


T
(6.7)
and the resulting direction-cosine matrix:
TBE =


1 0 0
0 cosα sinα
0 − sinα cosα

 . (6.8)
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as well as quaternions. Two major advantages of quaternions over Euler an-
gles surface when changes in the object’s angular velocity vector are accounted
for; the kinematic equations will be presented in the following paragraph. For
one, the computation time is shorter when using quaternions. More importantly
however, the kinematic equations for the Euler angles have a singularity which
requires a workaround and which does not appear when using quaternions. For
the current work it is therefore decided to use quaternions.
Typically, the orientation of the body frame within the ECI frame is given as a
starting point. The above quaternion would therefore be given as
q = qEB (6.12)
which would lead to TEB instead of the sought T
B
E (Equation 6.6). Due to the
orthonormality of the basis, the two matrices can however easily be translated
into one another:
TBE =
(
TEB
)−1
=
(
TEB
)T
. (6.13)
The direction-cosine matrix thus becomes:
TBE
(
qEB
)
=

 q
2
1 − q
2
2 − q
2
3 + q
2
4 2 · (q1 · q2 − q3 · q4) 2 · (q1 · q3 + q2 · q4)
2 · (q1 · q2 + q3 · q4) −q
2
1 + q
2
2 − q
2
3 + q
2
4 2 · (q2 · q3 − q1 · q4)
2 · (q1 · q3 − q2 · q4) 2 · (q2 · q3 + q1 · q4) −q
2
1 − q
2
2 + q
2
3 + q
2
4

 .
(6.14)
Rotating Motion All rotating objects are gyroscopes. The motion of a gyro-
scope can be modeled using Euler’s equations of motion. These equations allow
for external moments to influence the rotation of an object. Appendix D.2 con-
tains these equations for the current case using simplifications for the shape of
the objects. The orientation of a HAMR object has significant influence on the
radiation pressure effect and thus on its orbit evolution. It follows that a realistic
description of the rotating motion is essential to being able to track individual
objects. Unfortunately the computational effort is high since integration is re-
quired to solve these equations. Especially when propagating large numbers of
objects over extended time frames, this is an important aspect. Since the popu-
lation which will be looked at with respect to its overall evolution is statistical in
nature, simplifications are admissible aswill be seen. Currently, plate-like objects
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are assumed with a rotation axis fixed in ECI and constant rotation rate. Nuta-
tion, precession and unstable rotations are thus neglected here. The magnitude
of a quaternion is equivalent to the rotation angle about the rotation axis. The
new orientation at each time step in the simulation can therefore simply be ob-
tained by multiplying the magnitude with the time elapsed since the beginning
of the simulation:
µ = µ0 ·∆tsim . (6.15)
The new values for the four elements of the new quaternion are then calculated
using Equation 6.10. The initial orientation and rotation axis are treated indepen-
dently of one another. The rotation axis can therefore be oriented at any angle
with respect to the surface normal vector.
6.3.2 Reflectivity Coefficient
The reflectivity coefficient is often denoted as CR or cR in the literature and
is the equivalent of the magnitude of the reflectance vector R. According to
(Marshall and Luthcke 1994), (Vallado and McClain 2007), the reflectance vector
can be expressed as function of specular reflectivity ρs, diffuse reflectivity ρd
and the orientation of the surface ni with respect to the position of the radiation
source si,⊙:
Ri,⊙ = (1− ρs,i) · sˆi,⊙ + 2 ·
[
(si,⊙ ◦ ni)
||s||i,⊙ · ||n||i
ρs,i +
1
3
ρd,i
]
· nˆi (6.16)
where ||R||i,⊙ ∈ [1,2]. For a homogeneous sphere, the surface normal vector ni
and the vector pointing from the surface to the radiation source si,⊙ in Equa-
tion 6.16 are parallel to one another and their unit vectors are therefore identical
sˆi,⊙ ≡ nˆi:
Ri,⊙ =
(
1 + ρs,i +
2
3
ρd,i
)
· sˆi,⊙ (6.17)
The same conditions also apply to plates which are oriented normal to the ra-
diation source. Table 6.2 summarizes the corner values which the reflectivity
coefficient can take on for these objects. The absorptivity α = 1 − (ρs + ρd) is
included for completeness.
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Table 6.2: Range of reflectivity coefficient CR ≡ ||R|| values for a sphere or flat plate ori-
ented normal to the incident radiation according to Equation 6.17. α is the
amount of incident light which is absorbed, ρs is the amount which is reflected
specularly and ρd the amount which is reflected diffusely.
α ρs ρd CR
1 0 0 1
0 1 0 2
0 0 1 1 2
3
6.4 Orbit Evolution of HAMR Objects
This section gives an overview of the evolution of geosynchronous HAMR ob-
jects. Specifically the influence of the area-to-mass ratio and the effect of the
object shape on the orbit are investigated. The influence of the area-to-mass ratio
on the orbit is evaluated for spherical objects by varying the ratio between 1 and
51m2/kg in steps of 1m2/kg. The effect of plate-like objects compared to spher-
ical objects is inspected by considering two cases: In the first case the orientation
of the plates is kept inertially fixed. This allows to characterize the effect of dif-
ferent orientations on the orbit evolution. In a second case, an inertially fixed
axis of rotation is defined. In this scenario, the effect of the inertial orientation
of the rotation axis as well as the rate of rotation on the orbit is evaluated. The
plates have a constant area loading of A/m = 27.8m2/kg which corresponds to
that of aluminized polyimide with a thickness of 1mil (= 25µm) (Sheldahl 2012).
Since only the influence of direct solar radiation pressure is taken into account,
the index ⊙will be omitted. As a matter of convention, the terms describing the
reflective properties with respect to the Sun will be used (i.e. reflectivity = solar
reflectance).
The aim of the current section is to highlight, through examples, main charac-
teristics which are pertinent to the understanding of the behavior of larger pop-
ulations of HAMR objects. To start out, parameters which are common to all
simulations in this section are detailed. This is followed by independent discus-
sions of the orbit evolution of spherical HAMR objects and inertially fixed and
rotating HAMR plates.
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6.4.1 Common Simulation Parameters
The initial orbit, simulation start epoch and reflectivity values as presented in Ta-
ble 6.3 are used for all cases in the current section. Keeping the simulation start
epoch fixed removes the influence of the initial position of the Sun, the Moon
and the location of the Moon’s ascending node. Rosengren and Scheeres (2008)
showed that a resonance with the Saros occurs for HAMR objects released on
GEOwhich have an effective area-to-mass ratio (A/m)eff = (A/m)·CR of around
20m2/kg. The Saros is a cycle with a period of about 6585.3213days after which
the orientation of the Moon’s nodes with respect to the location of the Sun reoc-
curs. In their simulations, this caused variations in the the orbit evolution which
are on the order of the effect of the effective area-to-mass ratio which will be dis-
cussed here. The reflectivity of aluminized Kapton (= aluminized polyimide) as
derived by Fischer (2011) is applied (ρ = 0.626 = ρs + ρd). It is assumed that
specular ρs and diffuse ρd reflectivity take on equal parts.
Table 6.3: Initial orbit, simulation start epoch and optical properties for orbit evolution
analysis of spheres and plates.
Singly averaged orbit elements Optical Properties
Semi-major axis 42164 km ρs 0.313
Eccentricity 1.d-5 ρd 0.313
Inclination 1 ◦
Right ascension of ascending node (RAAN) 180 ◦
Argument of perigee 90 ◦
Mean anomaly 90 ◦
Start epoch March 21, 2009
6.4.2 Spherical Objects
This section treats the orbit evolution of spherical object with initial orbits and
reflective properties as shown in Table 6.3. Inserting the specular and diffuse
reflectivity into Equation 6.17 gives an estimation of the reflectivity coefficient for
spherical objects: CR sphere = 1.522 which is used for the optical properties in all
simulations involving spherical objects. To obtain insight into the effect of area-
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to-mass ratio on the eccentricity-, inclination- and semi-major axis evolution, the
area-to-mass ratio is varied in steps of 1m2/kg between 1 and 51m2/kg.
Eccentricity
The eccentricity oscillates with a period of about a year (see top plot in Figure
6.3). At 1m2/kg, the maximum eccentricity is roughly 0.02. The maximum
peak-to-peak eccentricity increases with higher area-to-mass ratios while the pe-
riod at which it changes decreases (lower plot in Figure 6.3). Upwards of an
effective area-to-mass ratio of about 48m2/kg, the eccentricity increases to the
point where objects interact with the upper atmosphere causing them to deor-
bit within a few years. The eccentricity period plotted in Figure 6.3 is a fit to
the actual data. The data points along with the fit and the respective equa-
tion are presented in Appendix C. For spherical objects, the eccentricity seems
to return to near zero at the end of every annual cycle. This evolution is sup-
ported by e.g. Anselmo and Pardini (2010). For oriented objects a superimposed
change in the eccentricity may occur. It should be noted that publications by
other groups who are also using numerical propagators exist in which such su-
perimposed beats are also observed for spherical objects (Anselmo and Pardini
2005, Schildknecht et al. 2008b).
Inclination
The top plot in Figure 6.4 shows the inclination evolution over time of three ex-
emplary objects with area-to-mass ratios of 1, 10 and 28m2/kg. At 1m2/kg,
solar radiation pressure acceleration is on the order of the Sun’s and the Moon’s
(compare Figure 6.1) so that the orbit evolution is similar to that of uncontrolled
satellites. The orientation of a satellite’s orbit in the ECI system can be described
simply by an orbit normal vector or by its inclination and right ascension of as-
cending node. The orbit normal vector of uncontrolled objects in near circular
geosynchronous orbits precesses about a pole which is oriented at an angle to
the Earth’s rotation axis. The plane normal to this vector is called the Laplace
plane. For non HAMR objects the offset angle of the Laplace plane is approxi-
mately 7.5 ◦. This pole is independent of the initial orbit orienation. Unlike to the
orientation of the Laplace plane, the precession period varies depending on the
inital orbit. For objects originating in the equatorial plane the precession period
is about 53 years. Especially for orbits with initial right ascension of ascending
node around 180 ◦ an non zero inclination the precession period increases. The
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Figure 6.3: Spheres. Top: Exemplary eccentricity evolution for area-to-mass ratios 1, 10
and 28m2/kg with CR sphere = 1.522. Bottom: Dependency of maximum
eccentricity and eccentricity oscillation period on effective area-to-mass ratio
(A/m · CR).
pole of the precessionwanders slightly as a result of the precession of theMoon’s
orbit about the pole of the ecliptic (Allan and Cook 1963). The maximum incli-
nation for orbits which start out within the equatorial plane and for which Luni-
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solar perturbations are prevalent thus is limited to about 15 ◦. HAMR objects
undergo a similar precession about an altered Laplace plane where the offset of
the precession pole increases with the area-to-mass ratio. The relation between
area-to-mass ratio and maximum attained inclination is depicted by the solid
line in the lower plot in Figure 6.4. The broken line in the plot demonstrates the
sensitivity of the precession period to the area-to-mass ratio. As a first order ap-
proximation, the maximum inclination increases linearly with the effective area-
to-mass ratio for spherical objects. The precession period decreases quickest at
ratios between 10 and 20m2/kg. This decrease approaches a linear trend in a
log-lin representation above 15m2/kg (not shown here).
The maximum inclination of spherical objects is attained at RAAN values close
to zero degrees and is independent of an object’s area-to-mass ratio. If one were
to describe the orientation of the Laplace plane using terms applied to Keplerian
orbits, its right-ascension of ascending node would be about 90 ◦ and its inclina-
tion would be 7.5 ◦ for objects with low area-to-mass ratios. While an increased
area-to-mass ratio would effect the inclination of this plane, its right-ascending
of ascending node would remain unaltered.
Semi-major axis
The semi-major axis shows how the orbit energy is influenced by the radiation
pressure. For most cases, spherical objects retain no secular changes in orbit
energy. Short- and long-periodic beats are however observed spanning several
years. Figure 6.5 shows semi-major axis evolutions for three area-to-mass ratios.
For objects with very low area-to-mass ratios (1m2/kg), the deformation of the
Earth’s equator dominates the evolution of the semi-major axis causing the object
to librate about a stable point (see also Section 6.2). This well behaved evolution
breaks up between effective area-to-mass ratios of 5 to 8m2/kg. Up to an effective
area-to-mass ratio of about 25m2/kg, secular effects may change the mean semi-
major axis by more than 100km. Beyond 28m2/kg, a recurring superimposed
beat with a period of about 8 to 9 years is fully developed, and no further secular
orbit changes are observed. The libration period is on the order of a few years.
Above 8m2/kg, an annual variation replaces this oscillation which coincide with
the two phases in which the orbit intersects the Earth’s shadow. The relation
betweenmaximumdeviation in semi-major axis over a 27 year simulation period
from the original 42,164km is shown in Figure 6.6. Even through the region in
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Figure 6.4: Spheres. Top: Exemplary inclination evolution with CR sphere = 1.522. Bottom:
Dependency of maximum inclination and precession period on effective area-
to-mass ratio (A/m · CR).
which secular changes in the mean semi-major axis are seen, an overall trend can
be observed.
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Figure 6.5: Spheres. Exemplary semi-major axis evolution with CR sphere = 1.522
6.4.3 Plates with Inertially Fixed Orienation
In this section the objects are assumed to be flat plates with inertially fixed ori-
entation. Diffuse and specular reflectivity from Table 6.3 are used. The aim is
to gain insight into how the direction of the acceleration vector influences the
orbit evolution. The major difference to the case of spherical objects is that the
direction of the SRP induced acceleration now depends on the orientation of the
plates in addition to the position of the object relative to the Sun.
The orientation of the objects is described in the inertial system Iˆ′Jˆ ′Kˆ ′ as de-
picted in Figure 6.7. The prime marks (′) indicate that the orientation of this
system is identical to the Earth Centered Inertial (ECI) system IˆJˆKˆ except that
its origin resides in the center of mass of the orbiting Object. The unit vector Iˆ of
the ECI frame points in the direction of the vernal equinox  while Kˆ is parallel
to the Earth’s rotation axis so that Iˆ and Jˆ are in the equatorial plane.
74
6.4 Orbit Evolution of HAMR Objects
 0
 100
 200
 300
 400
 500
 600
 700
 10  20  30  40  50
M
ax
im
um
 s
em
i−
m
ajo
r a
xis
de
via
tio
n 
/ k
m
Effective area−to−mass ratio / m2/kg
D
eo
rb
itin
g 
Re
gi
on
Ea
st
−W
es
t L
ib
ra
tio
n
Secular Changes
Superimposed
Beat
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orbit on effective area-to-mass ratio (A/m · CR).
In the following section, two cases will be explored regarding the initial orien-
tation. In both cases, the starting condition is that the surface normal vector n
points along the unit vector Iˆ′ as shown in Figure 6.7. For the simulation start
epoch of March 21, 2009, Iˆ points towards the Sun so that the object’s surface
is perpendicular to the incident radiation from the Sun and all offset angles are
zero. In the two cases addressed in this section, the effect of changing the initial
object orientation by rotating about Kˆ ′ and about Jˆ ′ are treated separately. No
mixed rotations are taken into account. In the former case, the plate’s surface
normal vector always remains in the Iˆ′ − Jˆ ′ plane. In the latter case the normal
vector is rotated out of the Iˆ′ − Jˆ ′ plane. The Iˆ′ − Jˆ ′ plane will be termed the
equatorial plane or simply plane in the following. In-plane rotations thus describe
rotations about Kˆ ′ while out-of-plane rotations are into rotations about Jˆ ′.
For the two cases, offset angles (-90,-60,-30, 0, 30, 60, 90) have been simulated.
The rotation arrows in the Figure depict the direction of positive offset angles.
Short-term simulations over 1,000 days provide an initial understanding of the
basic mechanisms governing the orbit evolution. Simulations over 10,000 days
give insight into the long-term behavior.
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Figure 6.7: Definition of the reference frame for the description of the plates’ orientation
within the Earth Centered Inertial (ECI) reference frame. The unit vector Iˆ
points towards the vernal equinox . The rotation vectors indicate the direc-
tion of positive offset angles.
Short-term evolution
The boundaries of the effect of an oriented surface in ECI coordinates are studied
here. Out of all simulated cases, the largest secular changes have been found to
occur for± 60 ◦ in- as well as out-of-plane orientations. The 0 ◦ orientation case is
used as reference and is identical in both scenarios. The results for the complete
range of simulations between ± 90 ◦ are shown in Appendix E. It must be born
in mind that the orbit evolution is heavily dominated by the geometric relations
between the objects’ surface and orbit orientation, the position of the Sun and
the orbit intersections with the Earth’s shadow. The initial conditions therefore
have a strong influence on the orbit evolution.
Semi-major axis change Exemplary orbits are shown in Figure 6.8. The re-
sulting solar radiation pressure for the plate with - 60 ◦ in-plane orientation pri-
marily has acceleration components in the orbital plane, affecting semi-major
axis and eccentricity. Semi-major axis exhibits a pronounced step-like evolution.
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Quick orbit changes are apparent during those periods in which the orbit passes
through the Earth’s shadow. This occurs approximately every half year. The
secular westerly drift of the right-ascension of ascending node causes the time
between shadow passes to be slightly less than half a year. The step-evolution
is observable for oriented surfaces as well as in the results for the sphere (see
Section 6.4.2). Secular effects for semi-major axis become small, if the object’s
surface is oriented perpendicular to the incident solar radiation during shadow
passes or if it is rotated out of the equatorial plane. In the latter case, a larger
orbit normal component is created.
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Figure 6.8: Fixed plates: Change in semi-major axis over 1,000 days for exemplary orien-
tations.
Eccentricity change The eccentricity returns to a value near zero after slightly
less than one year. Where the eccentricity evolution of spherical objects resem-
bled an inverted parabolic which repeated itself after approximately one year,
oriented objects are capable of undergoing two phases within a year in which
eccentricity increases and decreases again. On average, an in-plane orientation
creates larger annual eccentricity variations than an out-of-plane orientation (see
Figure 6.9).
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Long-term evolution
This section gives an overview of long-term trends which did not become appar-
ent in the analysis of the short-term effects.
Semi-major axis Complex behaviors in semi-major axis evolution are observed
for oriented objects with in- and out-of-plane orientation. In the time-frame of
10,000 days, in-plane orientation changes lead to an averagemaximumdeviation
from the initial semi-major axis of 2,000km. Out-of-plane orientation changes
result in 1,100km average maximum deviation. The lower graph in Figure 6.10
compares the maximum deviation from the initial orbit for the studied orbits.
The top plot in this figure shows the orbits for an object which is oriented per-
pendicular to the incident radiation at simulation start, and objects with - 60 ◦
orientation change in- and out-of-plane respectively. These orbits exemplify the
complexity of the evolution in semi-major axis. The simulation results of the
other orbits are appended in Figure E.2.
Eccentricity change Figure 6.11 shows three evolution cases of eccentricity vs.
time along with a plot of the maximum attained values in the simulations. The
eccentricity of plates with out-of-plane orientation seems to always return to near
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Figure 6.10: Fixed plates: Top: Change in semi-major axis over 10,000 days for selected
cases. Bottom: Maximum deviation from initial semi-major axis.
zero at the end of one cycle. The maximum occurring eccentricity decreases if
the object is tilted out of the orbit plane, decreasing the along-track acceleration
component. Plates with different in-plane orientations exhibit a ’detaching’ of
the minimum eccentricity, thus undergoing long-term changes which depend
on the initial orientation. The maximum attained eccentricity for this latter case
remains fairly constant for all orientations.
Inclination change The orbit normal acceleration component of plates with
out-of-plane orientation affects the precession period of the orbit plane. Since
the orbit normal acceleration remains similar over a year for objects with in-
plane orientation offset, their precession period remains constant. For both cases,
the maximum inclination is highest for offset angles near zero and decreases for
higher angles (top plot in Figure 6.12). Maximum inclination of plates with 90 ◦
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Figure 6.11: Fixed plates: Eccentricity change over 10,000 days for 0 ◦, 60 ◦ out-of-plane
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in-plane orientation approaches that of objects with low area-to-mass ratios. In
Section 6.4.2, the precessing of the orbit about the Laplace plane was described
with terms used for keplerian orbits. For spherical HAMRobjects, the inclination
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of this plane increased significantly while its RAAN value however remained
constant. Although this remains true for plates with in-plane orientations, out-
of-plane orientation creates an offset in the RAAN of the modified Laplace plane.
For plates with a positive offset angle the RAAN value is slightly lower than 90 ◦
and slightly higher for negative offset angles. This becomes apparent in the an-
gular momentum unit vector plot in Figure 6.13.
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Figure 6.12: Fixed plates: Inclination evolution results for 10,000 days. Top: Maximum
inclination. Bottom: Inclination period.
6.4.4 Plates with Inertially Fixed Rotation Axis
In the current section, plates are assigned inertially fixed rotation axes. The effect
of the inertial orientation of this axis aswell as the effect of constant rotation rates
on the orbit evolution is investigated. Initially, all plates are orientated with their
normal vector pointing along the unit vector Iˆ′ (see Figure 6.7). Two different
orientations for the rotation axis are examined. In one case, the rotation axis
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is parallel to the unit vector Kˆ ′ leading to so called in-plane rotations. In the
other case, the rotation axis is parallel to the unit vector Jˆ ′ whereby out-of-plane
rotations are created. The term ’plane’ refers to the plane described by the two
unit vectors Iˆ′ and Jˆ ′ which is parallel to the equatorial plane. The considered
rates of rotation are 1, 10−1, 10−2, 10−3, 10−4 and 1.14×10−5 ◦/s. The lowest
rotation rate corresponds to the Earth’s motion around the Sun. For the in-plane
rotation case, the direction of rotation was chosen so that at this particular rate,
the object always exhibits the same side to the Sun which leads to a resonance
effect. Other resonance cases are possible such as a rotation rate corresponding
to the orbit period. Since only a subset of all HAMR objects will be subject to
such resonance cases, these will not be studied in detail.
Semi-major axis change Figure 6.14 shows that rotation rates which do not
correspond to resonance cases have limited secular changes in orbit energy in
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comparison to i.e. oriented flat plates. Rotation rates 1 and 10−4 ◦/s have almost
identical long-term trends for in- and out-of-plane rotation for which reason only
the 1 ◦/s results are shown. For the in-plane rotation resonance case, the semi-
major axis decreases to 28,000km in 30 years while the perigee remains above
4000km. For the non-resonance cases, an in-plane rotation leads to larger annual
variations. This is consistent with the view that larger acceleration components
co-planar to the orbit plane are responsible for changes in orbit energy. For the
long-term evolution however, the trend reverses. Here, an out-of-plane rotation
may cause the semi-major axis to build up a larger deviation from the initial GSO
orbit than the in-plane rotation. This effect is currently not fully understood and
should be investigated in future work.
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Eccentricity change The short-term evolution is effected by the rotation rate
only in that a superimposed oscillation occurs when the rotation rate approaches
the resonance case. This is displayed in the top plot of Figure 6.15. Other effects
stemming from rotation rate are not observed. The direction of rotation however
has significance (see middle and lower plot in Figure 6.15). Themaximum attain-
able eccentricity varies with rotation direction. Similar to the oriented objects, in-
or out-of-plane rotation creates accelerations which have larger components in
or normal to the orbit plane.
Inclination Inclination evolution is influenced onlymarginally by rotation rate.
Rotation direction however has a significant effect on the maximum inclination
and long-term oscillation period. In comparison, in-plane rotation causes a lower
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maximum inclination and a shorter oscillation period than an out-of-plane rota-
tion (Figure 6.16).
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Figure 6.16: Rotating plates: Change in inclination over time. Top: long-term effect for
in-plane rotation. Bottom: long-term effect for out-of-plane rotation.
6.5 Population Evolution
The evolution of a HAMR object population wherein all objects have initial or-
bits in GSO is looked at. An initial population is defined based on a subset of the
MASTER-2009MLI population. The objects are propagated from 2009 to 2059 us-
ing three different assumptions for the shape and orientation of the objects which
are similar to the cases regarded in Section 6.4. In the first scenario, all objects
in the population are simulated as spheres. In the second scenario, all objects
are plates with random, but inertially fixed orientation. In the final scenario the
objects have random initial orientations and random but inertially fixed rotation
axes with constant rotation rates. Assuming the same area loading for spheres
and plates leads to lower average effective areas for plates than for spheres. This
results from the fact that the magnitude of the radiation pressure acceleration
depends on the cross sectional area normal to the incident radiation. To make
the evolution of a population of spheres comparable to that of a population of
plates, the area-to-mass ratio for spheres is scaled down. The scaling factor will
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be estimated following the definition of the initial population. The propagated
populations are then evaluated with respect to their distribution in inclination
vs. right-ascension of ascending node and in eccentricity vs. semi-major axis at
the end of the simulation period.
6.5.1 Initial population
A subset of the objects of the MASTER-2009 MLI population from the snap-
shot of May 1st, 2009 is used as initial population. GEO and GTO surveys
performed with ESA’s SDT since 2004 consistently revealed HAMR objects of
which most exhibited mean motions concentrated around that of GSO objects
(Schildknecht et al. 2005, 2010, Schildknecht 2007). To better understand the ob-
servations made by Schildknecht et al., only objects from the population are con-
sidered which have a characteristic length larger than 10 cm and whose semi-
major axis is within 1,000km of the GSO altitude of 42,164km. The distribution
of initial orbit parameters of the 148 objects which satisfy these criteria in the
initial population is shown in the top two plots in Figure 6.17. The lower plot
shows the area loading in terms of area versus mass. The two distributions for
cover layer MLI and reflector layer MLI as described in the previous sections are
clearly visible.
6.5.2 Average Illuminated Area
Themagnitude of the acceleration due to solar radiation pressure depends on the
projected area of the object which is perpendicular to the incident light from the
Sun. In order to be able to compare the evolution of spherical and plate-like ob-
jects, the average illuminated cross sectional areas must be similar. It is decided
to derive the size of the spherical objects from the area of the plates by multiply-
ing their area by a scaling factor Ftumbling. For the MASTER-2009 MLI model the
plates were assumed to rotate at identical rates about two perpendicular axes.
This resulted in Ftumbling = 0.5 (see Section 5.2). In actuality the reduction factor
may take on any value between 0 and 1 and depends on the orientation and the
rotating motion. Here, the factor is derived for the case of plates with inertially
fixed orientation and for the case of inertially fixed rotation axes. For the first
case, all objects in a population are assigned random orientations which are iner-
tially fixed. For the second case, the objects have random initial orientations and
random inertially fixed rotation axes with constant rotation rates. The average
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Figure 6.17: Orbit and area loading distribution of initial statistical HAMR object popula-
tion. The objects centered on an area loading of 6m2/kg are cover layer MLI
while objects with an area loading around 100m2/kg are reflector layer MLI.
projected area is then calculated over one year. The reduction factor F thus is
simply the ratio of the average projected area and the area of the plate.
As initial population, all MLI objects larger than 10 cm from the snapshot May
1st 2009 from MASTER-2009 is used leading to a total of 5750 objects. Figure
6.18 shows the distribution of Ffixed plate and Frotating plate respectively. Both distri-
butions are very similar. The reason for this is that within the simulation time
span of one year, inertially fixed plates perform one complete rotation relative to
the Sun-object line of sight. With respect to the illumination source, these objects
therefore behave similar to other rotating plates. Most objects have an average
illuminated area which is smaller than 2/π. This value is attained for instance
by objects which rotate about an axis which is normal to the ecliptic and is in
the object’s surface plane. A derivation of this factor is given in Appendix F. The
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overall mean value is identical for both scenarios: F¯plate = 0.47which is very sim-
ilar to the value which was used for the MASTER-2009 models. In the following
section, the area-to-mass ratio (which is proportional to the area) of all spherical
objects is calculated by multiplying the area of the flat plates by this factor. In the
upgraded MLI model discussed in Section 7.2, a more accurate description will
be used however.
6.5.3 Comparison of simulation results
The objects from the initial population of cover and reflector foils presented in
Section 6.5.1 are propagated from 2009 to 2059 using spheres and plates as pre-
viously outlined. For estimating the effect of tumbling objects, constant rotation
rates are applied which are distributed uniformly on a logarithmic scale between
10−5 ◦/s and 1 ◦/s. Although 1 ◦/s may seem slow, it was shown in Section
6.4 that discernible variations in the orbit evolution actually become apparent
only below rates of 10−4 ◦/s. The specular and diffuse reflectivity of all plates
is assumed to be identical at ρs = ρd = 0.313. The reflectivity coefficient for
spherical objects is derived according to Equation 6.17 using the same values:
CR sphere = 1.522.
The quarterly population snapshots from the years 2049 to 2059 are overlaid.
This was done primarily due to the low number of objects in the initial pop-
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ulation. As a result the plots not only show the distribution of objects at the
end of the propagation but also include some information on the orbit evolution
of individual objects. Data points belonging to the same object create tracks in
the graphs as long as orbit changes remain similar over several snapshots. Sim-
ulations are evaluated with respect to eccentricity versus semi-major axis and
inclination versus right ascension of ascending node.
Eccentricity vs. Semi-major axis The eccentricity versus semi-major axis sim-
ulation results for the three scenarios are presented in Figure 6.19. Eccentric-
ities below 0.4 are dominated by objects with area-to-mass ratios lower than
5m2/kg which corresponds to cover layer MLI. Higher eccentricities are mainly
represented by reflector layer MLI with area-to-mass ratios in the region of 30
to 50m2/kg. The top graph shows the simulation results for spherical objects.
Cover layer MLI creates vertical tracks which illustrates that direct solar radia-
tion pressure has little effect on the orbit energy as long as the acceleration vector
always points away from the Sun. The initial population exhibited the same gen-
eral distribution between high and low eccentricity objects. With the transition
to plate-like objects, a changed behavior in semi-major axis and eccentricity is
observed. The resulting mix of vertical, horizontal and curving streaks are visu-
alizations of the change in orbit energy.
More interestingly for the overall distribution is the fact that at the high eccen-
tricity end, the distribution of objects seems to differ between the studied cases
(compare Figure 6.20). While the overall distribution in eccentricity is the same,
fewer objects attain eccentricities above 0.5 (10−0.3) while more objects have ec-
centricities around 0.3 (10−0.5) compared to spherical objects. From the figure
it becomes apparent that this is caused primarily by reflector layer MLI. Plate-
like reflector layer MLI exhibit more circular orbits than spherical objects of the
same class. This effect was also seen in Section 6.4 for objects with out-of-plane
orientation components (Figure 6.11).
Inclination vs. RAAN Figure 6.21 compares the distribution of the spherical,
the oriented and the rotating objects in inclination and RAAN. The number of
objects located near 0 ◦ RAAN at inclinations near 15 ◦ is similar for all studied
cases. The two graphs in Figure 6.22 show that this region is dominated by cover
layer foils. For the relatively low area-to-mass ratios of these objects, the SRP ac-
celerations are on the same order of magnitude as Luni-solar perturbations. Dif-
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Figure 6.19: Eccentricity vs. semi-major axis of propagated population with a = 42,164 ±
1000 km. Results from years 2049 to 2059 merged. Top: spheres. Middle:
oriented plates. Bottom: rotating plates.
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Figure 6.20: Eccentricity distribution of propagated population with a = 42,164 ±
1000 km. Results from years 2049 to 2059 are merged.
ferences between the simulation results are visible primarily at high inclinations
where reflector layer MLI dominate and SRP accelerations are much higher than
the gravitational attractions of the Sun and Moon. For oriented plates, no ob-
jects are present in the central region above i=20 ◦. Spherical and rotating plates
however both contribute here. The regions closer to zero RAAN above 30 ◦ up to
45 ◦ inclination at least is evenly populated by spherical objects while plate-like
objects exhibit sparser distributions. Especially for inertially fixed plates, this
correlates with the findings of Section 6.4.3 (Figure 6.12) where the maximum
inclination was found to be generally lower than for a comparable spherical ob-
ject. The streaks in Figure 6.21 are producedmainly by cover layer foils while the
orbits of reflector layers vary more rapidly and are displayed rather as a series
of incoherent points.
The bottom plot in Figure 6.22 shows that reflector layers especially are encoun-
tered at high inclinations. These very high inclination objects are also present in
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Figure 6.21: Inclination vs. RAAN of propagated population with a = 42,164 ± 1000 km.
Results from years 2049 to 2059 are merged. Top: spheres. Middle: oriented
plates. Bottom: rotating plates.
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the initial population. Their creation can be traced back to an inconsistency in
the continuous MLI source model in which new objects were ejected with a ve-
locity of 1 km/s instead of 1m/s from the parent object. This issue is discussed
in the later sections and remedied in the updated model. Unlike the eccentric-
ity histogram, no systematic differences can be observed for the distribution in
inclination.
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Figure 6.22: Inclination histogram of propagated population with a = 42,164 ± 1000 km.
Results from years 2049 to 2059 are merged.
6.6 Conclusions of Orbit Perturbation Effects
In this section, a broader view will be given of the results from the previous
sections in an attempt to put the individual findings into a larger context.
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6.6.1 Spherical HAMRObjects
The lowest area-to-mass ratio looked at here is 1m2/kg. Spherical objects up-
wards of 48m2/kg deorbit within a few years. Observations of the ESA-SDT
show that objects with effective area-to-mass ratios as high as 86m2/kg are ob-
served (Schildknecht et al. 2010). In their publication, Schildknecht et al. report
on a HAMR object catalog. The number of objects contained in the catalog de-
pends on the number of newly found objects and objects which were lost. Since
orbit eccentricities up to 0.8 are reported it stands to reason that at least some of
the HAMR objects are lost due to the their orbital demise.
Maximum values in inclination and in eccentricity as well as maximum devia-
tion of semi-major axis from GSO increase monotonously towards larger area-
to-mass ratios. Maximum inclination increases linearly from 15 ◦ to 55 ◦. Eccen-
tricity follows a square law dependency between 0.02 and 0.8. Semi-major axis
deviations from the GSO altitude increase linearly with area-to-mass ratio for the
most part. Maximum deviation ranges from 35km to about 700km. Precession
and eccentricity oscillation periods decrease with area-to-mass ratio. The incli-
nation is coupled directly with right-ascension of ascending node through the
precessing of the orbit around a pole defining a modified Laplace plane. Periods
reach down to about 5 years starting at 53. For eccentricity, the period varies
between 0.9 and 1.02 years.
For semi-major axis, three effective area-to-mass regions were identified: Up to
5–8m2/kg, libration about stable points dominates. For the chosen initial con-
dition, the libration exhibits a period of a few years. This value depends on
the object’s initial longitude position and is a result of the Earth’s mass distribu-
tion along its equator. A region of secular orbit change ranges from 8m2/kg to
25m2/kg. An annual oscillationwith an amplitude on the order of 100 km forms.
This variation occurs when the object’s orbit intersects the Earth’s shadow. For
the chosen initial conditions, this takes place twice per year. For higher ratios,
the annual oscillation is fully developed. A superimposed beat with a period of
8 to 9 years is observed. The overall mean semi-major axis may deviate from the
initial GSO altitude.
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6.6.2 Oriented and Rotating HAMR Plates
The orbit evolution of plates with fixed orientation is influenced significantly by
the orientation. While some orbit components may undergo large changes char-
acteristic of HAMR objects, other parameters may remain small in comparison
to spherical HAMR objects. While the orbit evolution of rotating objects differs
from that of the other cases, the rotation rate itself has no effect on the long-term
development except when resonance cases take effect. The object analyzed here
had an area-to-mass ratio of 28m2/kg with diffuse and specular reflectance of
ρd = ρs = 0.313.
Analogywith spheres Whenever the illuminated area changes slowly through-
out a year, the eccentricity evolution deviates from the repeating inverted para-
bolic pattern. Oriented plates as well as objects with out-of-plane rotation com-
ponents exhibit either a pronounced ’double hump’ (Figure 6.9) or a ’single hump’
in which the eccentricity does not necessarily return to the original value after
one cycle (Figure 6.11). For plates with fixed orientation, the semi-major axis
can vary between a few hundred and about 3000km in 27 years. Variations for
non-resonant rotating plates remained on the order of a few hundred kilometers.
Table 6.4 compares important parameters for an object with an area loading of
m/A = 36g/m2. Taking into account the reduction factor F¯plate = 0.47 (Sec-
tion 6.5.2) as well as the reflectivity coefficient CR sphere = 1.522 (Section 6.17),
this corresponds to a sphere with an effective area-to-mass ratio of 20m2/kg. In
general, the maximum values in inclination, eccentricity and annual semi-major
axis variations appear to be influenced directly by the orbit-planar and orbit-
normal accelerations. Larger normal components i.e. through orientation or ro-
tation lead to high maximum inclination values and lower annual eccentricity
and semi-major axis variations. High orbit-planar components invert the result.
The spherical case values represent the limiting values for maximum inclination,
minimum precession period and for maximum eccentricity of rotating plates. It
is interesting to note that in most cases, the annual variations in orbit parameters
of plates are smaller than those of comparable spheres.
Departure from sphere analogy Especially for rotating objects, it is interesting
to note that out-of-plane rotation in the studied cases leads to larger long-term
deviations in the semi-major axis than the in-plane rotation. The precession pe-
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Table 6.4: Comparison of HAMR object evolution for A/m ≈ 28m2/kg for plates and
A/m · F¯plate ≈ 13m2/kg for spheres.
Sphere Oriented Plate Rotating Plate
Maximum inclination 31 ◦ 17 – 31 ◦ 21 – 37 ◦
Maximum eccentricity 0.4 0.15 – 0.65 0.32 – 0.4
Semi-major axis variation 200km 100 – 3200km < 1000km
Precession period 23 a 20 – 46 a 20 – 36 a
riod decreases from 53years with increasing effective area-to-mass ratio. The
value of 23years for a sphere with effective area-to-mass ratio of 20m2/kg is
similar to the extreme values for oriented and rotating plates. Opposite to the
inclination of the modified Laplace plane however, the precession period is ef-
fected the most when out-of-plane components are smallest.
6.6.3 Population Evolution
The overall trend seems to suggest that the number of objects with near GSO
meanmotion decreases over time and that this trend is enhanced for non-spherical
objects. Annual variations in semi-major axis are smallest for rotating objects.
The inclination distribution of cover layer MLI is very similar for spherical and
plate-like objects. This suggests that the main perturbation effect is not radia-
tion pressure but third body perturbation. This is supported by the observation
that the semi-major axis variation of objects with effective area-to-mass ratios
below 5–8m2/kg was dominated by the east-west libration which is caused by
the non-circular Earth equator. The principle distribution of reflector layer ob-
jects in inclination is similar for the three scenarios. Spherical objects show the
smoothest distribution which could be explained by their lower precession pe-
riod compared to plates (Table 6.4). Out-of-plane orientation components reduce
the effects on eccentricity build up, so that HAMR objects generally have more
circular orbits than spherical ones.
In conclusion, cover layer MLI with area-to-mass ratios below 10m2/kg seem
to be well represented by spherical objects with regard to inclination and eccen-
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tricity distribution. Reflector layer MLI show some discrepancies especially in
eccentricity owing to out-of-plane orientation components. Variations in semi-
major axis are about an order of magnitude larger for fixed and rotating plate-like
objects than for spheres. The differences are however still small enough that this
should have only a slight effect on collision velocities with active GSO payloads.
6.7 Outlook
This section takes a brief look at effects which have not been taken into account
but which could have a significant influence on the orbit evolution.
Moon shadow Since secular orbit changes occur whenever HAMR objects tra-
verse the Earth’s shadow, it stands to reason that the Moon’s shadow could have
a similar effect. The Moon’s distance of about 384,400km to the Earth and its
small radius of about 1738km lead to an umbra in GEO which is much smaller
than the Earth’s. The widest eclipse path on the Earth’s surface during solar
eclipse is no more than 270 km (Comins and III 2000). This in turn reduces the
likelihood of an object repeatedly transiting the shadow and thus also the overall
effect.
Euler’s equations of motion Introducing more complicated motions with nu-
tation and precession would result in differentmodes of orbit evolution and also
a different variety of resonance cases. It is unlikely however that the amplitude
or short- and long-term oscillation periods would differ much from the cases in-
vestigated here so that the effect on large HAMR populations should have been
adequately captured.
Optical material properties In this work, the optical properties of both sides of
theMLI plateswere identical which should be realistic for the reflector layerMLI.
Since most fragments of MLI are believed to originate in fragmentation events,
and reflector layers outnumber cover layers by about a factor 10, this could be a
valid assumption for many objects. Introducing second surface mirrors for the
cover layer MLI could have a noticeable effect for objects with fixed orientation
or a rotation axis leading to similar orientations. Rotating objects should behave
similar to the ones looked at here. An interesting effect could be introduced if the
optical properties were to change over time i.e. through aging effects. Ground
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tests show that a reduction in reflectivity by about a factor 2 can occur over time
(Kelecy and Jah 2011, Fischer 2011). The orbit variations due to direct solar ra-
diation would therefore likely decrease with time. Thermal emission for objects
with different optical properties on either side could cause objects with fixed
orientation to exhibit new orbit evolution patterns.
Earth albedo and infrared radiation Approximately 30% of the Sun’s radia-
tion is reflected as albedo. The remaining radiation is absorbed and emitted
at a later time as infrared radiation with a power output of about 237W/m2
at the Earth’s surface (Vallado and McClain 2007). The infrared radiation is in-
dependent of the position of the Sun. The exact amount of reflected and ab-
sorbed light depends on the amount of clouds, the Earth surface properties (i.e.
water, land, snow) and the offset from the sub solar point on the Earth. The
power per unit area radiated from the Earth decreases with the square of the
distance. The Earth’s shadow and the Earth albedo are geometrically coupled.
Neglecting uneven power output from albedo as a first order approximation, the
mechanism behind perturbative accelerations could be similar to those from the
Earth’s shadow. The overall effect from albedo is however estimated to be very
small since the amount of reflected light is only a fraction of the incoming solar
radiation. This is undermined by Vallado and McClain (2007) pp.708 where it
is shown that for LEO objects, albedo effects are an order of magnitude below
direct solar radiation and the effect diminishes for objects in GSO.
Coupling effects Investigation of coupling effects such as a possible depen-
dency between the period of the annual semi-major axis variations and the RAAN
drift could give further insight into the mechanics of HAMR object orbit evolu-
tion.
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Chapter 7
MLI Model Update
In the final stages of the ESA contract ”Maintenance of the ESAMASTER Model”
which led to the release of the model in its current version (MASTER-2009), a
seemingly inconsistent escalation of the number of in-orbit MLI debris was ob-
served which set in after the reference epoch of May 1st of 2009. The models pre-
dicted that in a business-as-usual scenario, over 40,000 MLI objects larger than
10 cm would be in orbit in 2060 (see Figure 7.1). This is about the same amount
as all other debris sources combined for the same size range. The cause for this
was traced back to the model which simulates the continuous release of MLI. For
MASTER-2009 it was decided to publish only the MLI population leading up to
the reference epoch which had been validated against observations made by the
ESA-SDT.
After the release of MASTER-2009, a complete reevaluation of the twoMLImod-
els was performed which will be detailed in the current chapter. Initially, an up-
date is presented for the estimation of the area of a spacecraft which is covered
by MLI. The chapter continues with a description of updates to fundamental
aspects in the derivation of the effective area-to-mass ratio and to the fragmen-
tation source model. An investigation of the continuous source model is per-
formed which prompts the exclusion of the model from further simulations of
MLI debris. The chapter closes with a description of the MLI population be-
tween 1957 and 2060 resulting from the updated modeling approach.
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Figure 7.1: Escalation of MASTER-2009 MLI population above 10 cm for future epochs.
7.1 MLI Applications on Spacecraft
For the updated model, a standard MLI stack is assumed to consist of 20 layers.
This is an increase compared to the MASTER-2009 model assumption of 12 lay-
ers which is still in line with values published in NASA’s MLI Guidelines , the
EuReCa spacecraft and information obtained through personal communication
(Finckenor and Dooling 1999, Stadermann et al. 1997, Steiner 2013).
The average area of a spacecraft which is covered byMLI is reevaluated based on
data taken from ESA’sDatabase and Information System CharacterisingObjects
in Space (DISCOS) (European Space Operations Centre 2010). Historically rocket
bodies were often not covered with MLI but rather had painted metal outer
casings. For this reason, only data for satellites is used. Rocket bodies are
not considered in the creation of MLI debris with the exception of the Titan III
Transtage for which an independent estimation is performed in Section 7.3.3.
Satellites with identical minimum and maximum cross sectional areas were ex-
cluded. These satellites are either spherical spacecraft such as the Laser Rel-
ativity Satellite (LARES) which do not use MLI on the external surface or are
spacecraft with insufficient geometrical data. Spacecraft with masses above 9 t
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were also removed from analysis as these are typically manned missions which
do not contribute to MLI debris. The minimum cross sectional area was used so
as to exclude the influence from solar arrays on the surface area. The geometry
of all satellites is assumed box shaped where all six sides have the same area
as the minimum cross sectional area. As an estimate of the satellite bus surface
area, the minimum cross sectional area was multiplied by six. The resulting data
along with the equation derived for MASTER-2009 (Equation 5.1) based on a
more limited data set and a fit to the current data are shown in Figure 7.2.
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Figure 7.2: Surface area per kilogram of spacecraft mass versus spacecraft mass. Data
taken from ESA’s DISCOS (European Space Operations Centre 2010).
The north and south facing sides of three-axis stabilized GEO satellites are typi-
cally coveredwith radiatorswhile MLI covers the remaining four surfaces. Equa-
tion 7.1 replaces the previously derived equation 5.1. The new equation predicts
more MLI surface area for satellite masses below about 3.7 t and less area for
heavier ones.
Asatellite bus
msatellite
=
2
3
· 11.2179 ·
(
−0.000596311+
10.9932
msatellite + 3567
)
(7.1)
Applying this equation to the EuReCa spacecraft which was used as an example
in Section 5.1 returns 25.79m2 as total area which would be covered byMLI. This
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is slightly less than the 29.37m2 which is predicted by Equation 5.1 and still well
within the limits set by the estimations based on geometric data of the satellite’s
bus.
7.2 Effective Area
A renewed look is taken at the parameters of Equation 5.2 describing the reduc-
tion in the solar radiation pressure compared to a flat plate oriented perpendic-
ularly to the Sun. Equation 5.2 is restated here as reminder:
Aeff = Aflat · Freflectivity · Fdeformation · Ftumbling (7.2)
7.2.1 Deformation
The ground tests performed at Kyushu University are used as basis for the frag-
mentation source debris in this update. Table B.1 lists the area-to-mass ratio of the
fragments from two ground tests performed at Kyushu University (Murakami
2008). Fragments are given separately for each of the two tests performed and
grouped into fragments of cover foil, reflector foil and complex fragments which
consist of multiple layers. The values were manually extracted from histograms
presented in Murakami’s work. Caution is however required when interpret-
ing the presented data. Three fragments in the test titled ’Shot R’ were allotted
area-to-mass ratios above 600m2/kg. Theoretically, the highest value should not
exceed that of the flat pristine material which is 28.57m2/kg for the cover layer
material and 88.50m2/kg for the reflector layers. These three fragments are dis-
counted from the results. The highest value for measured area-to-mass ratios
thus is 251m2/kg which is still much higher than the theoretical maximum. Ta-
ble 7.1 gives the averaged results for both tests for cover foil, reflector foil and
complex multi-layer fragments.
For the two tests, no clear consistency can be observed when comparing the re-
trieved average values to the values for the pristine material for inner-, outer-
and complex fragments. For each fragment type, the average value is in one case
lower and in the other case higher than that of the pristine values. Taking the
mean value for each fragment type for the two tests leads to consistently lower
area-to-mass ratios than the original material: for outer layer MLI fragments, the
mean value is reduced by 2.33%, for inner layerMLI fragments by 1.13% and for
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Table 7.1: Area-to-mass ratio distribution of fragments from ground tests performed by
Murakami (2008). Full table is given in Appendix C. All area-to-mass ratio
values are given in m2/kg
Number of MLI fragments
Shot F Shot R
Inner Outer Complex Inner Outer Complex
Sum: 62 60 19 32 55 4
Mean A/m: 76.73 23.34 9.60 98.27 32.47 2.55
Pristine A/m: 88.50 28.57 6.82 88.50 28.57 6.82
∆A/m in %: -13.29 -18.30 +40.78 +11.04 +13.64 -62.68
complex fragments by 10.95%. Due to the high apparent uncertainty in the mea-
surement data, it does not seem to make sense to model effective area-to-mass
ratio via a fitted normal distribution. Such a distribution would create too many
objects with unrealistically high ratios. Instead it is assumed that deformation of
fragments leads to a reduction in effective area which is uniformly distributed
between 0% and 5%. Fdeformation is thus uniformly distributed between 0.95 and
1.00 meaning that simulated MLI fragments retain a plate-like shape.
7.2.2 Tumbling
The reduction in average illuminated area for plate-like debris due to fixed ori-
entation or randomly oriented rotation axes has been studied in Section 6.5.2.
It can be assumed that the reduction in average illuminated area matches that
presented in Figure 6.18. Ftumbling is assigned using a fit to the distribution of
rotating plates. The selected probability density function is shown in Figure 7.3.
7.2.3 Reflectivity
UV-, electron- and proton-radiation are major factors which cause the reflectiv-
ity of MLI foils to asymptotically approach a reduced value. Chapter 3 gives an
account of publications dealing with the optical degradation of insulating mate-
rials exposed to the space environment. The penetration depth of radiation into
a material depends on factors such as the target material density, the type of ra-
diation and the energy of the radiation. Marco and Remaury (2004) analyzed the
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dose profile from electrons and protons versus penetration depth for an object
in GEO. The deposited dose decreased by an order of magnitude within the top
micrometer and by another order of magnitude within the next 10 micrometers
of the material. High energy electrons exhibited the highest penetration depth of
up to about 400µ. For a cover layer with a thickness between five and 10mil, the
dose deposited in the first reflector layer of an intact blanket would be roughly
three orders of magnitude lower than that deposited in the top micrometer of
the cover layer. It is postulated that most of the foil within a blanket will have
been well protected by the upper layers of the blanket so that on average, the op-
tical properties will be close to the pristine properties when they are released in
a fragmentation event. The optical properties of the single layer MLI fragments
especially will then be highly susceptible to degradation and degrade quickly
towards an asymptotic end value.
For the model, it is assumed that a fragment’s reflectivity will remain constant
after its release from the parent object. Post release degradation is expected to
have a small effect on the overall distribution of MLI debris although it may sig-
nificantly influence the orbit evolution of individual objects. This effect should
be studied in future work. The reflectivity of each object is averaged from its
initial value ρ0 and the degraded reflectivity ρdegraded which is approached in an
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asymptotic manner. An uncertainty ρvariation is introduced based on variations
found in laboratory and in-situ measurements:
ρ =
ρ0 − ρdegraded
2
+ ρvariation (7.3)
All reflectivity values refer to the solar reflectance (ρ⊙). The index ⊙ has been
omitted for ease of reading. Values for the pristine and degraded material are
taken as presented in Sections 3.3 and 3.4. These are ρ0 = 0.87 and ρdegraded =
0.33 respectively. The value for the variation is derived subsequently followed
by the definition of the reflectivity factor Freflectivity.
Estimating variation Reflectivity is varied within uncertainty boundaries of
ρvariation = ±0.04. This is in line with the uncertainties of the ground measure-
ments as well as the variation in the mean values of the in-situ measured BOL
parameters shown in Table 3.3.
Implementation The simplified equation for acceleration due to direct solar
radiation pressure on a spherical object is directly proportional to the reflectivity
coefficient CR and the area-to-mass ratio. The complete equation including the
reduction factors is written as:
aRP = −S⊙
Φ⊙
c
CR
(
Aflat
mobj
Freflectivity Fdeformation Ftumbling
)
sˆ⊙ (7.4)
The other parameters in this relation have been detailed in Equation 2.6. For
propagation, all MLI objects are given a default reflectivity coefficient CR. The
reflectivity factor Freflectivity simply replaces the default CR value by an object
dependent one (C′R). With ρ being an object specific value for the reflectivity
(note that the index ⊙ is omitted for simplicity), this leads to the formulation:
Freflectivity =
C′R
CR
=
1 + ρ
CR
(7.5)
With CR = 1.3, and inserting the derived values into Equation 7.3, Freflectivity
would have a valid interval of [1.20,1.26].
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7.3 MLI Fragmentation Model
In MASTER-2009 5% of the total available MLI area was converted into single
layer fragments by the MLI fragmentation model. The remaining MLI was as-
sumed to remain fairly intact in so-called complex fragments. As the area-to-mass
ratio of these fragments is much lower than that of single sheet MLI, the equiv-
alent mass was handed over to the NASA Breakup Model which also accounts
for fragments from lightweight phenolic material and was assumed to be similar
to that of complex MLI fragments. In this section a simple model for these MLI
fragments is introduced. The 5% limit of MLI to be used for single layer frag-
ments is revised based on ground test results from Murakami (2008). As a core
upgrade of the MLI fragmentation model, the fragment sizes of complex and
single layer MLI fragments are now coupled to the size of the parent object. This
is indicated in the updated fragmentation model schematic shown in Figure 7.4
by the connecting arrow between the satellite mass and the debris characteristic
length. Of the two acknowledged fragmentations in GEO, one involved a Titan
III Transtage. A very simple model is proposed to give a first order estimation for
the orbit distribution of steel foil insulation debris from Titan III Transtage frag-
mentations. Finally, a plausible estimation of the velocity change is proposed
which MLI objects experience through the transfer of kinetic energy during a
fragmentation event.
7.3.1 Complex Fragments from Spacecraft
The amount of MLI which is bound in complex fragments is estimated based
on the ground tests published by Murakami (2008). In test ’F’ and ’R’, roughly
three and four of the five sides which were covered with MLI remained largely
intact. In terms of area, this relates to between 60% and 80% of the MLI covered
surface which resulted in complex fragments. In the simulations it is assumed
that two of the six sides of a typical spacecraft are not covered with MLI due to
the presence of radiators and instrumentation. Following the above observation,
it is further postulated that three of the four remaining surfaces (75%) dissociate
into complex fragments. The total area available for creation of complex frag-
ments within the simulation is thus expressed using the fraction Fcomplex of the
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Figure 7.4: Structure of the updated MLI fragmentation model.
total MLI covered area which is bound in complex fragments:
Atot,complex = Fcomplex ·
[(
Asatellite bus
msatellite
)
·msatellite
]
(7.6)
Fcomplex = 0.75
Asatellite bus/msatellite is given by Equation 7.1. Due to the very low number of com-
plex fragments created in an event a very simple approach is chosen to assign
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fragment sizes. The length of the edge of an assumed cube-shaped spacecraft is
used as the limiting upper characteristic length. To this end the square root of the
area of one panel given in Equation 7.1 is taken. The lower limit is set to half of
the largest characteristic length and a uniform distribution of sizes is assumed:
Lc,upper limit =
[
0.25 ·
(
Asatellite bus
msatellite
)
·msatellite
]1/2
(7.7)
Lc,lower limit = 0.5 · Lc,upper limit (7.8)
The overall area-to-mass ratio of the fragments is determined by first assigning
specific area-to-mass ratios to the two cover layers and to the 18 reflector layers.
The area-to-mass ratio of complex fragments is thus determined by:(
A
m
)
complex
=
[
2 ·
(
A
m
)−1
cover
+ 18 ·
(
A
m
)−1
reflector
]−1
(7.9)
7.3.2 Single Layer Fragments from Spacecraft
The fragment size distribution derived from the data given in Murakami (2008)
is used as a baseline (see Figure 5.3). For the current model it is assumed that
the smallest fragments in any fragmentation event will be of the same size as
those found in the ground tests. The largest fragments of single layer MLI had
side lengths, which were the same as one of the test satellite’s side panels. In the
model, the upper limit is scaled to the size of the parent spacecraft. The limiting
characteristic length is fixed by the panel edge length of an assumed cube-shaped
spacecraft. The characteristic length of each fragment L′c is then scaled linearly
according to the following relation:
x′ (x) = x0 + (x− x0) ·
(
x2,SC − x0
x2 − x0
)
(7.10)
L′c Scaled characteristic length m
Lc Characteristic length m
x log
10
(Lc) log10 (m)
x′ log
10
(L′c) log10 (m)
x0 ∆x0 from the table in Figure 7.5 log10 (m)
x2 ∆x0 +∆x1 + δx2 from the table in Figure 7.5 log10 (m)
x2,SC log10 of length of panel edge of assumed cube shaped space-
craft where panel area is derived using Equation 7.1
log10 (m)
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The graph in Figure 7.5 shows the inverted probability distribution in character-
istic length for three different panel edge lengths and gives the unscaled distri-
bution parameters.
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If Fcomplex is the fraction of the MLI covered area bound in complex fragments,
then the total area available for creation of fragments in the form of single sheets
of MLI is given by:
Atot,single = nlayers ·
(
1− Fcomplex
)
·
[(
Asatellite bus
msatellite
)
·msatellite
]
(7.11)
nlayers =
{
2 : cover layers
18 : reflector layers
Fcomplex = 0.75
where Asatellite bus/msatellite is again given by Equation 7.1.
7.3.3 Titan III Transtage Insulation
Martin-Marietta developed an upper stage for the Titan launcher which was
used on the Titan 3 to boost satellites to different orbits (Wade 2013c, Leitenberger
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2009). The Transtage upper stage had a diameter of 10 feet (3.048m) and was
14.75 feet (4.4958m) long (Park et al. 1973). Thrust was produced using the hy-
pergolic fuel Aerozine 50 and oxidizer N2O4 which fed two AJ-10-138 engines.
The re-ignitable booster stage used hydrazine monopropellant attitude control
thrusters for three-axis stabilization (Morrisey et al. 1969). The fuel and oxi-
dizer tanks were insulated by goldized steel foil separated by a layer of refrasil
from the tank wall. In critical regions near the engines, a rubber layer was
added for additional insulation (Park et al. 1973). Based on data published by
Hi-Temp Insulation Inc., a producer of plated steel foil for space applications, it
is estimated that the steel foil had a thickness of about 3mil.
The MLI fragmentation model was expanded to estimate the steel foil debris
whichmay have been created during fragmentation events of the Transtage rocket
body in GEO. This was achieved by adapting the total insulation area, distribu-
tion of fragment sizes and the reflectivity of the created debris. The total area
of steel foil was derived from the volume for the oxidizer and propellant tanks,
exploded assembly drawings of the spacecraft and its overall diameter as pub-
lished by Park et al. (1973). The respective parameters are presented in Table 7.2.
It is assumed that half of the total steel foil will disintegrate into fragments while
the rest remains attached to the remnant body. The largest upper limit for frag-
ment sizes Lc is set to slightly less than the circumference of one tank. The lower
limit of Lc is equal to half of the upper value. Fragment characteristic lengths
are uniformly distributed between these two values. This simplifying approach
is identical to the method used for complex MLI fragments. The minimum and
maximum reflectivity values are 0.6 and 0.81 and were taken from Kauder (2005)
for 1mil 304 steel foil and for gold plated aluminum respectively.
The aim of the Titan III Transtage insulation debrismodel was to find out how the
orbits of such debris might evolve with respect to the Laplace plane. Especially
the estimation of size and number of fragments is overly simplistic and must be
viewed with extreme caution.
7.3.4 Added Velocity
The velocity change (∆v) applied to fragments during an explosion or collision
event dictates the shape and orientation of their initial orbit. To date, no con-
sistent model exists for estimating the ∆v for MLI. Several studies are quoted
in the MASTER-2009 Final Report (Flegel et al. 2011a) which looked at ∆v from
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Table 7.2: Estimated parameters of Titan III Transtage components. Parameters derived
from Park et al. (1973).
Oxidizer tank - N2O4 Fuel tank - Aerozine 50
Tank volume Vtank = 4.99m3 (176.22 ft3) 4.00m3 (141.37 ft3)
Top section spherical dome with
diameter d
spherical dome with
diameter d
Mid section cylinder with diameter d cylinder with diameter d
Bottom section cone with height hcone = d cone with height hcone = d/2
Diameter d 1.51m 1.22m
Tank height htank 4.04m 4.04m
Tank area A 16.02m2 14.78m2
ground tests, observations and simulation results. For upper stages, the high-
est ∆v was derived to be about 3 km/s. It was based on ground tests in which
six steel casings were detonated. It is pointed out that detonations should only
be possible for liquid hydrogen (LH2) and liquid oxygen (LOX) mixtures which
have been utilized by the Ariane H-10 upper stage for instance. Several frag-
mentation events are known to have occurred involving the early versions of
this upper stage (Johnson et al. 2008). A mechanism for venting of remaining
fuel after mission end was incorporated into these upper stages starting in 1993
(Bonnal and Naumann 1997). To date, no reports have been published indicating
that a passivated H-10 upper stage has ever exploded.
Unfortunately, no measurement data is available detailing velocity changes of
MLI during fragmentation events. In space debris simulations, the NASABreakup
Model is the most widely usedmodel for fragmentations and has been published
by Johnson et al. (2001) with clarifications and corrections published by Krisko
(2011). The∆v used in this model is derived as a function of the area-to-mass ra-
tio. Since this ratio increases towards smaller fragment sizes (Krisko et al. 2008,
Oswald et al. 2006), the velocity change of HAMR objects is primarily based on
that of small size debris. The data from which this model was derived did not
include MLI or other large pieces of HAMR debris. It is therefore unlikely that
this relation can be applied to such objects without alteration.
111
7 MLI Model Update
For an acceptable estimation of the ∆v some assumptions must be made. The
majority of large, coherent MLI is fixed to the outside of spacecraft. Propel-
lant tanks and batteries have been known to be the primary source for violent
fragmentations (Johnson et al. 2008). Both are typically located within the insu-
lated satellite structure. It is assumed that MLI debris from the outer insula-
tion is expelled at roughly the same velocity as other fragments of similar size
which are closer to the energy source causing the fragmentation. Furthermore,
it is assumed that the general dependencies of the ∆v equations from the NASA
Breakup Model apply also to MLI. The calculated velocity change for MLI from
this model is then compared to other debris with similar characteristic lengths.
The ∆v for MLI is finally scaled with a constant factor to match the distribution
of other debris of similar sizes. It was found that reducing the calculated velocity
change by a factor of four produced the desired results. Figure 7.6 compares the
original calculation to the scaled distribution.
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Figure 7.6: Left: ∆v applied to MLI fragments using the standard NASA BreakupModel.
Right: ∆v for MLI is determined by reducing the value given by the NASA
BreakupModel by a factor of four.
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7.4 Continuous MLI Source Modeling
In the continuous MLI source model, it was planned to apply a small velocity
change of 1m/s to the debris upon release. An implementation error however
led to a much larger velocity change of 1 km/s which is about a third of the orbit
velocity in GSO and affects the initial orbit significantly. Figure 7.7 shows the
inclination versus right ascension of ascending node distribution of MLI objects
larger than 50 cm and with semi-major axis above 38,000km from the uncor-
rected and corrected model for May 1st, 2009. As can be seen in the results of
the uncorrected model, the high velocity change leads to a high spread in orbit
normal vectors.
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Figure 7.7: Inclination vs. right ascension of ascending node of continuous source MLI
> 50 cm for May 1st of 2009. Left: MASTER-2009 model version. Right: Cor-
rected∆v results.
In the validation process of MASTER-2009, this spread was assumed to have
resulted mainly from the interaction of solar radiation pressure with the ob-
jects. Comparison of the tracklets which were obtained from measurements per-
formed with ESA’s Space Debris Telescope to the detections from the simulated
surveys showed good correlation with respect to the distribution in inclination
and right ascension of ascending node (see Figure 5.6). Furthermore, the spread
in orbit plane orientation caused MLI objects to fill a gap which no other de-
bris source could satisfy at the time. Inconsistencies only became apparent once
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simulations of the future evolution of the MLI debris were initiated. These ex-
hibited a seemingly unrealistic escalation of the continuous MLI debris source.
That the release rate of large pieces of MLI due to ageing-related processes may
have been over-predicted is further supported by the results from the update to
the MLI debris sizes within the MLI fragmentation model. These changes lead
to an increase in the detected MLI debris from fragmentation events. For the to-
tal number of simulated detections not to exceed the actual measurements, the
release rate of detectable ageing-related MLI debris in turn must be reduced.
All of these changes create two issues: for one, only few MLI objects remain
whose evolution of the orbit normal vector differs significantly from the typical
precessing motion about the Laplace plane. Measured tracklets which exhibited
this characteristic must therefore belong to objects whose origin once more is un-
known. Finally, objects created by the continuous MLI source can no longer be
distinguished from those of the MLI fragmentation model in the simulated ob-
servations. All of these factors prompted the decision to exclude the continuous
MLI source model from further simulations for the time being.
7.5 Updated MLI Population
Figure 7.8 presents the evolution of the number of in-orbit MLI objects larger
than 5 cm over time. Objects with a semi-major axis above 35,000km typically
have their origin in the GEO region and are therefore counted as such. In ac-
cordance with the conclusions from the previous section, the continuous MLI
source model is omitted and MLI fragments are modeled using the updated
fragmentation MLI model only. The fragmentation events up to May 1st of 2009
are based on the 14th edition of ”The History of On-Orbit Satellite Fragmenta-
tions” (Johnson et al. 2008) and the Orbital Debris Quarterly News (http://
orbitaldebris.jsc.nasa.gov). Both are published by NASA’s Orbital De-
bris Program Office. For the GEO environment, some additional events have
been defined which are presented in Table 8.2 of the following chapter. May 1st
of 2009 has been chosen as the reference date as this is also the reference epoch
of ESA’s MASTER-2009 software. A business-as-usual scenario according to
the MASTER-2009 Final Report (Flegel et al. 2011a) is used for the ensuing time
frame. Apart from the Transtage upper stage, only MLI fragments from space-
craft have been modeled. Between 2009 and 2060 a total of 90 events involving
spacecraft are simulated of which 6 occur in the GEO region. No Transtage frag-
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mentations are simulated in the business-as-usual scenario. The grey area sur-
rounding the mean values after 2009 represent the standard deviation resulting
from the chosen Monte-Carlo approach. Most MLI debris was created in events
which took place during the 1980s. The majority of events during this time in-
volved Soviet spacecraft of the type COSMOS 862 and COSMOS 699. These
spacecraft are believed to have employed explosive charges which triggered the
events (Johnson et al. 2008). The COSMOS 699 class satellites had perigees typ-
ically below 500km so that debris from these events decayed very quickly. The
COSMOS 862 however resided onMolniya orbits with perigees between 500 and
1,500km and apogees around 40,000km. Fragments on such orbits may remain
on orbit significantly longer and are difficult to track. The decay rate in GEO is
much lower than in LEO or even on Molniya orbits due to the absence of atmo-
spheric drag. Only orbits from objects with effective area-to-mass ratios above
about 48m2/kg become eccentric enough to decay due to atmospheric drag (see
Section 6.4.2). This causes a steady increase in MLI debris in GEO.
The distribution of area-to-mass ratios of MLI objects of all sizes for the epoch
May 1st of 2009 is shown in Figure 7.9. The left hand plot shows the area load-
ing (A/m) which is purely material dependent. The two individual peaks for
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Figure 7.8: Evolution of in-orbit MLI larger then 5 cm over time.
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Figure 7.9: Simulated MLI objects for May 1st, 2009. Left: area loading (A/m). Right:
Effective AMR (A/m · Freflectivity · Fdeformation · Ftumbling).
the thicker cover foil debris and thinner reflector foil objects are clearly visible.
Taking into account deformation, tumbling and reflectivity, leads to the effective
area-to-mass ratio (A/m)eff shown in the right hand plot. Compared to the area
loading, the effective area-to-mass ratio is lower and the variation in the values
for the reflector foil is increased. Most objects have effective area-to-mass ratios
well below 50m2/kg so that most GEO MLI debris should remain on orbit for
an extended period of time.
For the reference epoch, the highest spatial density ofMLI objects is found around
800km where the majority of fragmentation events have occurred (Figure 7.10).
Below this altitude the atmospheric drag rapidly increases. MLI objects are es-
pecially susceptible to drag due to the large area-to-mass ratios. The shallow
peak between 3,000 and 5,000km is caused by the fragmentation of 1966-056A
”PAGEOS” in early 1976 at an altitude near 4200km. In the simulation the re-
flector foils of the 55kg spacecraft decayed within half a year after the event
while about 100 cover foil fragments remained in orbit in 2009. The majority of
these fragments is smaller than 10 cm in size. The altitudes above this are domi-
nated by fragments from events which occurred on highly eccentric orbits such
as Monliya orbits, and on GEO.
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Chapter 8
Simulating the ESA-SDT
Observations
ESA’s Space Debris Telescope (ESA-SDT) is situated on Tenerife at 28.1758 ◦N
and 16.306 ◦W. It has modified Ritchey-Chrétien optics with a 1.016m aperture
and a liquid nitrogen cooled CCD with 4096× 4096 pixels (Schildknecht 2007).
In the past, ESA has tasked the Astronomical Institute of the University of Bern
(AIUB) to survey the GEO and GEO-transfer orbit (GTO) regions for debris us-
ing this telescope. The observations serve the purpose of gaining insight into
the number and distribution of objects which are not contained in the catalog
of the USSTRATCOM. As such, the obtained data is of statistical nature and is
not intended to create a database of objects with regularly updated orbits. The
results which will be used in the current work are those from the surveys of the
GEO region from the years 2001 to 2007 and from those of the GTO observa-
tions performed in the years 2004 to 2007. ESA’s Program for Radar andOptical
Observation Forecasting (PROOF ) is used to simulate these campaigns based on
the given observation profiles and by using simulated orbital debris populations
which are correlated with orbits of known objects. Detections which could be
matched to objects being tracked by the Space Surveilance Network (SSN) have
been removed from the measurements allowing to use the data to validate the
computer models underlying the simulated populations.
Initially, an overview will be given of the measurements obtained in the GEO
and GTO surveys. Statistics as well as some limitations to the available data
are presented. Using the MASTER-2009 GEO fragmentation list and data given
by Oswald et al. (2006), a revised list of GEO events is proposed. A compari-
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son is then made between the measurement data and simulation results without
MLI debris. Following this, fragmentations of Ariane H10 3rd stages on GTO
orbits are looked at. Evidence is presented which suggests that the number of
detectable fragments which were released during these events may previously
have been underpredicted and that these could make up a significant portion
of the detections in the GTO observation campaigns. The albedo of MLI is an
input which is required by PROOF and is derived in the following section. Fol-
lowing this, the results from the simulated SDT campaigns which were obtained
using PROOF are compared to the measured data. The chapter concludes with
an investigation of uncertainties in the MLI model and the possibility of debris
contributions from undetected fragmentations.
8.1 ESA’s Space Debris Telescope Debris Detections
A major difficulty in detecting debris objects in the vicinity of the GEO region
is that they typically appear as very faint objects. A measure for the apparent
brightness of an object is the apparent magnitude. It describes the brightness of
an object relative to a fixed reference value. A logarithmic scale is used in which
bright objects have low values and faint objects have high values. As reference,
the Sun’s and Pluto’s maximum apparent magnitudes are about -27 and +14 re-
spectively. An important factor in the apparent magnitude of orbiting objects
is the amount of sunlight which is reflected towards the telescope. This does
not only depend on the size of the object but also its reflective properties and
more importantly, the object’s orientation and the relative position of the tele-
scope, the Sun and the object. Schildknecht (2007) estimates that a 10 cm debris
object may produce an apparent magnitude of around +20. The ESA-SDT has a
lower magnitude detection limit of +22 although the system sensitivity starts to
tail off between +19 and +20 magnitude. This very high sensitivity poses harsh
constraints on the telescope’s design as well as on the observation strategies.
On the hardware side, this is achieved by using a very small field of view of
0.709 ◦ and exposure times for each frame of two to four seconds depending on
the survey. Surveys are specifically designed to concentrate the light from the
objects on a limited number of pixels of the camera’s CCD. This is done by let-
ting the telescope follow the expected motion of objects on a predefined orbit of
interest (blind tracking). Objects residing in the field of view during exposure
thus appear as dots while objects on other orbits or stars are visible as streaks
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(Schildknecht 2007). Objects in GEO or GTO typically cross the field of view
within 2.5 to 4 minutes. The exposure time for one frame is adapted to the spe-
cific search strategy. For the GEO observations, an exposure time of 2 seconds
was used. For the GTO surveys, longer exposure times of 3 and 4 seconds were
chosen. Crossing objects therefore usually appear on two to four subsequent
frames only (Schildknecht et al. 2008a). Since it is difficult to observe velocity
changes or changes in orbit altitude from the observation of these short orbital
arcs, no information on eccentricity can be retrieved and circular orbits must be
assumed initially (Schildknecht 2007). Especially for HAMR objects with mean
motion similar to GEO and for GTO objects this assumption does not hold. GTO
objects typically have eccentricities around 0.7 and HAMR objects exhibit eccen-
tricities as high as 0.8. The tentative orbits derived by this method are called
tracklets.
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Figure 8.1: ESA-SDT detections from all campaigns performed in 2001. The debris clouds
from the only two officially acknowledged fragmentation events of GEO ob-
jects are indicated.
In the following, only tracklets of objects which could not be correlated to those
in the USSTRATCOM’s catalog are looked at. The remaining objects thus are
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either debris or classified spacecraft for which no orbit data is publically avail-
able. Figure 8.1 shows the inclination and right-ascension of ascending node of
uncorrelated tracklets for all observedmagnitudes from the GEO campaigns per-
formed in the year 2001. The precession of the orbit plane of uncontrolled objects
withmeanmotions near GEO is very similar for all objects with low area-to-mass
ratio. This precession about the Laplace plane is described in more detail in Sec-
tion 6.4. As a result, these objects exhibit similar parameters in the i-Ω space,
leading to a pattern specific to this orbit region. To date, only the fragmentation
of the Ekran-2 satellite and the Transtage 5 upper stage have been officially con-
firmed (Johnson et al. 2008). Figure 8.2 shows the uncorrelated tracklets for the
years 2002 to 2007. Detections fromGEO campaigns are represented as solid blue
dots while tracklets from GTO surveys are given as red circles. The additional
GTO observations between 2004 and 2007 resulted in an increase in detections.
In the plots, many of these objects are distributed seemingly randomly in i andΩ.
Measurements exhibit an accumulation of detections around +13magnitude and
amore pronounced increase below +15magnitude which tails off at the detection
limit of +19 to +20 magnitude. This characteristic is present to varying degrees
in all survey results. It is exemplified by Figure 8.3 which shows a histogram of
all uncorrelated tracklets from the 2004 surveys. Of the objects brighter than +14
magnitude, a portion is likely to be debris from fragmentation events. Classified
objects may however contribute to these objects as well (Agapov et al. 2008). The
region below +15 magnitude is dominated by debris.
Six parameter orbit sets were derived for some of the detected objects by per-
forming follow up observerations. Using this approach, Schildknecht (2007)
showed that a significant number of uncorrelated objects from the GTO surveys
had eccentricities as high as 0.8 while retaining a mean motion close to that of
GEO objects. Derivation of the effective area-to-mass ratio of 28 of these objects
initially revealed ratios up to 28m2/kg. Later analyses showed that some ob-
jects had even higher ratios (Musci et al. 2010, Schildknecht et al. 2010). MLI is a
strong contender for being the source of these objects: not only has it been used
since the early space fairing days - the foils are also one of the few materials
which have area-to-mass ratios in the range of the observed objects while being
large enough that they may be detected by the ESA-SDT.
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Figure 8.2: Inclination vs. right-ascension of ascending node of uncorrelated tracklets ob-
served by ESA’s Space Debris Telescope during the years 2002 through 2007.
Detections from GEO surveys are given as solid blue dots. GTO survey detec-
tions are represented by red circles.
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8.2 Simulating Fragmentations in GEO
Explosion and collision events cause fragments to be ejected at velocities up to
a few kilometers per second in extreme cases. Results for the distribution of
delta velocities from relevant studies are given in the MASTER-2009 Final Re-
port (Flegel et al. 2011a). These velocities cause the initial orbits of the fragments
to vary from that of their parent object. The differences in the orbit period as
well as perturbations acting on the shape and orientation of the orbits cause the
fragments to disperse over time (Klinkrad and Martin 2006). The more time lies
between the fragmentation event and the epoch for which orbit parameters of
an object are known, the more difficult it becomes to determine its source of ori-
gin. Main reasons for this are the increasing spatial dispersion of the fragments
and inaccuracies in the orbit prediction. Perturbative effects however vary for
different orbital regimes. Patterns can be found in the orbit evolution of some
orbit types which can aid in identifying fragments belonging to the same par-
ent object. For the GEO region, such a pattern can be found in the precessing
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motion of the orbit planes of uncontrolled objects with low area-to-mass ratios
about the Laplace plane (see Section 6.4). The precession period of these objects
is about 53 years. This effect causes the orbit normal vectors of fragments of an
event which has occurred in this region to remain similarly oriented in space
even decades after an event (Oswald et al. 2006).
Table 8.1: List of GEO fragmentation events from MASTER-2009. Table is reproduced
from Flegel et al. (2011c)
Event Type Int. Desig. Name m Epoch a i
/ kg / yyddd.d / km / ◦
Known 1977-092A Ekran-2 1970 78174.0 42182.3 0.1
Known 1968-081E Titan 3C Transtage 5 1950 92053.4 41835.4 11.9
Unconfirmed 1973-040B Titan 3C Transtage 24 1950 81067.2 42345.7 5.9
Unconfirmed 1979-087A Ekran-4 1970 82157.8 42158.1 1.7
Unconfirmed 1979-053C Titan 3C Transtage 30 1950 82309.0 42403.8 0.6
Unconfirmed 1975-118C Titan 3C Transtage 28 1950 87072.6 42101.8 8.6
Unconfirmed 1966-053J Titan 3C Transtage 11 1950 87276.7 40497.2 11.5
Unconfirmed 1967-066G Titan 3C Transtage 14 1950 94045.4 39842.9 11.7
Unconfirmed 1975-117A SatCom 1 463 99257.7 42354.6 12.0
Unconfirmed 1988-018B Telecom 1C 1210 02263.0 42826.4 5.8
Artificial - Artificial 1 1750 98180.0 40164.0 0.3
Artificial - Artificial 2 1750 92280.0 44850.0 2.0
To this day, only two fragmentation events have been officially confirmed to have
occurred in geosynchronous orbits (Johnson et al. 2008). Oswald et al. (2006) lists
a total of 21 additional suspected GEO anomalies from which eight were intro-
duced into theMASTER-2009population as fragmentations. Another two events
were added which were required to explain remaining features in the observa-
tions but for which no anomalies could be identified. Table 8.1 lists all MASTER-
2009 GEO fragmentations. In the current work, the list was revised to better
match overall detection features. Compared to the MASTER-2009 fragmentation
list, four unconfirmed events (1975-118C, 1975-117A, 1988-018B and 1967-066G)
were removed and replaced by two others from the list given by Oswald et al.
(2006): 1987-095A and 1983-030A. Also the artificial events were altered to better
match observations. The number of fragments produced in the Transtage 11 and
24 incidences as well as by Ekran-4 were reduced. The event epoch of Transtage
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30 was postponed from 1982 to 1983. The total number of simulated GEO events
has thus been reduced from 12 to 10. The revised list is given in Table 8.2.
Table 8.2: Revised list of GEO fragmentation events. Events with a ’*’ weremodified from
the MASTER-2009 list, underlined events have been added.
Event Type Int. Desig. Name m Epoch a i
/ kg / yyddd.d / km / ◦
Known 1977-092A Ekran-2 1970 78174.0 42182.3 0.1
Known 1968-081E Titan 3C Transtage 5 1950 92053.4 41835.4 11.9
Unconfirmed* 1973-040B Titan 3C Transtage 24 1950 81067.2 42345.7 5.9
Unconfirmed* 1979-087A Ekran-4 1970 82157.8 42158.1 1.7
Unconfirmed* 1979-053C Titan 3C Transtage 30 1950 83309.0 42403.8 0.6
Unconfirmed* 1966-053J Titan 3C Transtage 11 1950 87276.7 40497.2 11.5
Unconfirmed 1987-095A TV Sat 1 1750 95356.6 42438.6 5.9
Unconfirmed 1983-030A SatCom 1R 1750 97273.0 42280.8 3.8
Artificial* - Artificial 1 1750 00203.0 40164.0 0.3
Artificial* - Artificial 2 1750 95280.0 42164.0 0.3
The orientation of the orbit plane in space is expressed by an orbit’s inclination
with respect to the Earth’s equator and the right-ascension of its ascending node.
Figure 8.4 superimposes simulated fragments from the revised list larger than
10 cm for the epoch May 1st, 2001, over the tracklets from the 2001 campaigns
in the inclination versus right-ascension of ascending node space. In MASTER-
2009, the two artificial events were the sole contributors to the Ω region between
30 and 120 ◦. Alteration of these events as well as the addition of two new un-
confirmed events places a total of four smaller events in this region. A slight
over prediction at high inclinations was reduced by removal of two unconfirmed
events for which no clustered fragments could be identified. A rather large fea-
ture around i=8 ◦ and between 30 and 70 ◦ in RAAN can be observed in 2001
which vanishes in the following years as can be seen in Figure 8.5. A plausible
explanation for this feature will be given in Section 8.3. Figure 8.5 shows the
evolution of the debris clouds over time for the years 2002 through 2007. Simu-
lated fragments larger than 10 cm for the epoch May 1st for each year have been
superimposed over uncorrelated tracklets from ESA’s SDT.
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Figure 8.4: Overview of GEO fragmentation events (grey triangles) and ESA-SDT detec-
tions (red circles) from 2001. Only debris simulated by the NASA Breakup
Model which is larger than 10 cm for the epoch May 1st, 2001 is plotted.
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Figure 8.5: Inclination versus right-ascension of ascending node of tracklets from 2002 to
2007 ESA-SDT surveys (red dots). Black dots are fragments > 10 cm for May
1st of each year which were simulated using the NASA BreakupModel.
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8.3 Ariane H10 3rd stage fragmentations
The Ariane H10 3rd stage was used as an upper stage for Ariane 2, 3 and 4 in dif-
ferent versions. It was derived from the Ariane 1 H8 upper stage and was retired
in 2003 (Wade 2013b). Starting in October 1993, the H10 3rd stages were passi-
vated at the end of their mission by venting remaining propellants (Bonnal et al.
1997). In all, nine fragmentations of Ariane H10 upper stages are known to have
occurred - all of them involving the unpassivated version. Within the current
work it was found that the fragmentation of the 1989-006BAriane 2 H10 3rd stage
specifically appears to have been observed in surveys of the GEO environment
by the ESA-SDTwhich had previously not been identified. This event is detailed
in the following section, followed by an overview of all known H10 events.
8.3.1 1989-006B Fragmentation
On January 27, 1989, Intelsat 5A F-15 was launched with an Ariane 2 V28 rocket.
The satellite was successfully inserted into GEO (Wade 2013a). On January 1,
2001, more than ten years after its launch, the rocket stage fragmented in its GTO
with the vehicle equipment bay (VEB) attached (Johnson et al. 2008). The rocket
body had a length of 9.9m with an additional 1.15m for the Vehicle Equipment
Bay (VEB) leading to an overall height of 11.05m (Leitenberger 2010). Wade
(2013b) reported an overall length of 11.53m while Johnson et al. (2008) gives
11.7m as the total length. The diameter is around 2.60 - 2.66m (Leitenberger
2010, Wade 2013b, Johnson et al. 2008). The stage used liquid oxygen and liq-
uid hydrogen (LOx/LH2) as oxidizer/ propellant with an HM-7B engine. At the
time of event, the vehicle had a mass of 1.48 t according to Johnson et al. (2008).
The mass given by Leitenberger (2010) is slightly higher at 1.655 t which is de-
rived from 1.336 t dry mass of the H10 stage plus 319kg for the VEB. The VEB
of the Ariane 2/3 was derived from the Ariane 1 VEB. It contained most of the
electrical systems as well as the on-board computer in charge of guidance and at-
titude control (Johnson 1989). According to Bonnal and Naumann (1997), about
120kg of LH2 and about 160kg of LOx remained in the fuel tanks after nominal
mission end. This remnant fuel is the most likely cause for the violent fragmen-
tation of the rocket body.
The event was simulated based on the parameters given in Table 8.3. Using
PROOF , the distribution of the fragmentation debris which could have been de-
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Table 8.3: 1989-006B Ariane H10 3rd stage fragmentation event.
Int. Desig. Name m Event Launch a ǫ i
/ kg / yyddd.d / yyddd.d / km / – / ◦
1989-006B Ariane 2 H10 1480 01001.5000 89027.5000 24492.1 0.7193 8.39
tected in the 2001 to 2007 ESA-SDT surveys was calculated. Figure 8.6 compares
the inclination and right ascension of ascending node of these results to the mea-
sured tracklets. In the 2001 survey results, the simulation shows multiple de-
tections of the new debris cloud as its right ascension of ascending node drifted
due west throughout the campaign year. The same features are clearly visible
in the measurement results of the SDT. The drift is the result of the precession
of the orbit which is induced by the oblateness of the Earth. For the 1989-006B
debris cloud, the mean drift rate was about 140 ◦ per year. As it depends on the
semi-major axis, the inclination and the eccentricity of the orbit, it differs slightly
for all fragments and causes the debris cloud to disperse over the entire right
ascension of ascending node range in time. This causes the compact features
which were observed in the 2001 campaigns to dissolve in the following years.
Almost no debris from this event is detected in the simulated 2002 campaigns
(see lower plot in Figure 8.6). With the launch of the GTO campaigns in 2004,
more of the debris from this event is observed in the simulations in the form of
detached clusters.
8.3.2 Simulating Ariane H10 3rd stage fragmentations
Analysis of the 2001 survey results showed that almost all TLE objects which
were detected by PROOF and which were located in i-Ω regions uncharacteris-
tic of objects on GEO drift orbits were fragments from Ariane H10 3rd stages. It
therefore seems likely that other uncorrelated tracklets in this region may belong
to uncataloged debris from these events. In MASTER-2009, a total of nine explo-
sion events involving this rocket stage were simulated. The amount of detectable
debris was however too little to cover the uncorrelated tracklets in this region.
The highly eccentric orbits on which these events occurred make cataloging of
fragments difficult. It is possible therefore that a significant number of fragments
has not been cataloged. In 1986, the 1986-019C H8 rocket stage exploded on a
sun-synchronous LEO. By 2013 almost 500 fragments had been cataloged from
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Figure 8.6: Inclination vs. right ascension of ascending node of objects detected during
2001 (top) and 2002 (bottom) surveys. Left: Tracklet data from ESA-SDT.
Right: Simulated detections of modeled debris from 1989-006B event.
this event. As the H10 was derived from the H8, it seems all the more likely that
the debris created in the fragmentations of the H10 has previously been underes-
timated. In the current study, it was assumed that almost all H10 events created
about 500 fragments larger than 10 cm. Only the 1984-114C and 1988-109C ex-
plosions were modeled with fewer fragments. Especially for the fragmentation
of the 1988-109C a higher debris count created an over-prediction in the simula-
tions. Table 8.4 gives an overview of the modeled explosions involving Ariane
H10 3rd stages. The results of the simulations are presented in Section 8.5.
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Table 8.4: Overview of simulated Ariane H10 3rd stage fragmentation events.
Int. Desig. Name m Event Launch a ǫ i
/ kg / yyddd.d / yyddd.d / km / – / ◦
1984-114C Ariane 3 H10 1100 84326.1007 84315.5500 24513.0 0.7266 7.03
1988-040B Ariane 2 H10 1480 88191.3125 88139.4900 24361.0 0.7163 7.03
1992-021C Ariane 4 H10 1800 93111.5000 92106.9800 24319.4 0.7243 4.04
1991-015C Ariane 44LP H10 1760 94107.0700 91060.9800 20899.4 0.6818 6.56
1991-003C Ariane 4 H10 1760 96122.5000 91015.9700 21963.1 0.6993 6.73
1988-109C Ariane 44LP H10 1760 98048.5000 88347.0200 24529.7 0.7216 7.34
1989-006B Ariane 2 H10 1480 01001.5000 89027.5000 24492.1 0.7193 8.39
1991-075B Ariane 4 H10 1760 01358.1512 91301.9600 20747.7 0.6814 7.20
1992-041C Ariane 4 H10 1760 02032.9879 92190.9500 19830.5 0.6664 7.02
8.4 Estimating MLI Albedo
The MLI object albedo and standard deviation are inputs to PROOF . An object’s
albedo is affected by the surface reflectivity, the time averaged orientation with
respect to the Sun and to the telescope and the deformation. The time averaged
orientation is accounted for in the software by using the randomly tumbling
plate assumption. This reduces the effective area by a factor four. The mean
albedo is approximated by averaging the maximum and minimum possible ef-
fective area which are based on Equation 7.2. The respective values are given in
Table 8.5. The standard deviation is calculated by assuming that the minimum
and maximum values are equal to the three sigma values.
Table 8.5: Estimating the MLI object albedo for validation with PROOF
Min Max
Freflectivity 0.33 0.87
Fdeformation 0.95 1.00
Freflectivity · Fdeformation 0.31 0.87
Mean (1σ) 0.59 (0.09)
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All GEO andGTO fragmentations have been simulated using theNASABreakup
Model and the updated MLI fragmentation model as presented in Section 7. For
the GEO and GTOArianeH10 3rd stage events, the fragmentations listed in Table
8.2 and 8.4 were used respectively. All other events were simulated according to
MASTER-2009 (Flegel et al. 2011a). Simulated objects with characteristics sim-
ilar to fragments contained in the USSTRATCOM’s catalog were removed and
replaced by the actual objects. The SDT’s 2001 to 2007 GEO and GTO surveys
were then simulated with PROOF using the created population. The result is a
list of objects along with their transient orbit elements and other characteristics
which would have been detected in the surveys. Since the measurement data
from the SDT only contain uncorrelated tracklets, all detected cataloged objects
were removed from the simulation results.
The nature of the results from most simulated campaign years is similar. The
major conclusions from the comparison to the observed tracklets can be out-
lined by analysis of the 2001 and 2006 results. Figures 8.7 and 8.8 show the i-Ω
distribution of all detections which are brighter than +22 magnitude from these
survey years. The upper plot shows the simulated uncorrelated detections while
the lower plot depicts the uncorrelated measured tracklets. In the simulation
results, red dots and blue triangles are fragments which were created using the
NASA BreakupModel. The former represent objects from GEO events while the
latter were produced in GTO fragmentations. The AMR of these detected objects
is typically much lower than 1m2/kg. Black rectangles are detected MLI frag-
ments. In the inclination range up to 20 ◦, virtually all MLI objects were created
in GEO events. The main reason for this is that most GTO fragmentations in-
volved rocket bodies for which no MLI model could be derived due to the lack
of information concerning the insulation of these upper stages. As detailed in
Section 8.3 the debris cloud from the fragmentation of the 1989-006B Ariane 2
H10 3rd stage is clearly visible in the 2001 survey results. The figures illustrate
that a significant part of the measured tracklets cannot be matched using GEO
fragmentations and MLI alone. Furthermore, the results suggest that even in the
campaigns which were specifically tailored to detect GEO debris, a significant
amount of GTO objects might have been observed. GEO- and GTO-fragments
with low area-to-mass ratios and HAMR MLI-debris each have different orbit
types which can be distinguished in the simulated survey results:
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Figure 8.7: Comparison of simulated and observed uncorrelated tracklets with magni-
tudes brighter than +22 for the 2001 surveys. Top: PROOF results; red dots:
GEO fragments from NASA-Breakup Model; blue triangles: GTO fragments
fromNASA BreakupModel; black rectangles: GEOMLI debris. Bottom: ESA-
SDT tracklets from GEO surveys.
GEODebris The orbit evolution of the low AMRGEO fragments is dominated
by the orbit precession about the Laplace plane. A description of this effect along
with the influence of the area-to-mass ratio on the orientation of this plane is
given in Section 6.4. The orbits of MLI debris precess about a modified Laplace
plane, leading to higher inclinations and precession rates. MLI debris therefore
typically occupies more highly inclined orbits than low AMR debris from the
same events. The precession rate of objects with AMR values upwards of about
10m2/kg is fast enough that some of these objects have similar i-Ω combinations
as GTO detections at the time of the observations.
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Figure 8.8: Comparison of simulated and observed uncorrelated tracklets with magni-
tudes brighter than +22 for the 2006 surveys. Top: PROOF results; red dots:
GEO fragments from NASA-Breakup Model; blue triangles: GTO fragments
fromNASA BreakupModel; black rectangles: GEOMLI debris. Bottom: ESA-
SDT tracklets from GEO and GTO surveys.
GTO Debris Low AMR GTO fragments occupy the inclination band between
4 and 9 ◦. Virtually all of the simulated GTO detections at these inclinations are
of fragments from the nine H10 events (see Section 8.3), almost all of which oc-
curred on orbits with inclinations around 7 ◦. The measured tracklets which fall
in the vicinity of the simulated GTO debris are spread more widely in inclina-
tion than the simulated detections. A possible cause is that the uncertainty in the
GTO tracklet parameters is influenced by the position of the object on its orbit:
The initial orbit determination method assumes that the observed object is mov-
ing perpendicularly to its momentary orbit radius vector. For GTOs this only
occurs when the objects are at their apo- or perigee. For all other locations, the
obtained parameters are skewed by the change in the object’s distance from the
Earth during detection (Schildknecht 2007, 2013).
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Figure 8.9: Inclination versus right ascension of ascending node distribution of MLI de-
tections from all simulated surveys. Objects are color coded based on their
effective area-to-mass ratio.
MLI Debris For the most part, the GEOMLI objects are on orbits similar to the
debris simulated by the NASA BreakupModel with inclinations below 20 ◦. Fig-
ure 8.9 is a superposition of the MLI detections from all simulated surveys. MLI
debris originating from GEO events are shown as circles while GTOMLI objects
are represented by triangles. All objects are color coded based on their effective
area-to-mass ratio. MLI from GTO events is created mostly in explosions of for-
mer Soviet satellites on Molniya orbits of the type Cosmos-862. The spacecraft
carried explosive charges which were to detonate if control of the spacecraft was
lost. In all, 16 events involving this spacecraft type are known to have occurred
between 1977 and 1986 (Johnson et al. 2008). In the simulated observations, a to-
tal of 253 GTO MLI detections were triggered. The measurement data however
only contains 34 tracklets with inclinations above 40 ◦. Several possibilities exist
for this discrepancy. It is possible that the model for MLI which is released in
these events and the ensuing orbit prediction is not well suited to these space-
craft and orbit types. It is also possible that the observation methods are not well
suited to detect these objects. A deeper investigation of this issue is not part of
the current work but should be adressed in future studies.
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Figure 8.10 depicts the distribution of effective area-to-mass ratio of all detections
of GEO and GTO MLI from the simulated surveys. The majority of detected ob-
jects have area-to-mass ratios below 10m2/kg with some detected objects reveal-
ing ratios up to about 80m2/kg. The qualitative distribution is very similar to
the one published in Schildknecht et al. (2010). Their histogram showed the fre-
quency of derived effective area-to-mass ratios of 274 uncorrelated objects from
a AIUB/ESA HAMR object catalog.
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Figure 8.10: Histogram of effective area-to-mass ratio (A/m · CR) of all detected MLI ob-
jects using PROOF .
In Section 6.4.2, the orbit evolution of spherical HAMR GEO objects was inves-
tigated using a special perturbations propagator. The dependency of inclination
of the modified Laplace plane on the effective area-to-mass ratio exhibited a near
linear relation up to effective area-to-mass ratios of about 40m2/kg (see Figure
6.4). The current Figure 8.11 compares this relation with the inclination and ef-
fective area-to-mass ratio of all simulated GEOMLI detections. The figure shows
that the inclination of the detected objects for the most part remains below the
previously derived relation for the maximum inclination. Detected MLI from
GEO events exhibit effective area-to-mass ratios up to about 45m2/kg although
90% of the detected objects have ratios below 17m2/kg.
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Figure 8.11: Inclination versus effective area-to-mass ratio of GEO MLI objects. The bro-
ken line is the relation of maximum attained inclination and effective area-
to-mass ratio derived for spherical HAMR objects with initial GSO using a
special perturbations model (Section 6.4.2). The circles show the relation of
all MLI objects detected in the simulated campaigns using PROOF .
The eccentricities of the detected GEO MLI objects range from near 0 up to 0.76
with 90% of the objects exhibiting eccentricities below 0.28. The remaining non-
MLI GEO fragments all have eccentricities below 0.6 of which 90% have much
lower values below 0.06. The eccentricity versus meanmotion of all detected ob-
jects is shown in Figure 8.12. The red dots are detections of non-MLI with origin
in GEO events. The blue triangles represent detections of non-MLI with origin
in GTO and the black rectangles are detected MLI. As already described, the
MLI objects with mean motions around two were mostly created in explosions
of former Soviet satellites on Molniya orbits. As with the effective area-to-mass
ratio, this plot also exhibits the same principal features as the corresponding plot
of 1057 uncorrelated tracklets presented by Schildknecht et al. (2010). In their
publication, the uncorrelated high eccentricity GEO detections are spread more
widely in meanmotion. A possible cause could be that the MLI objects are simu-
lated as spheres instead of flat plates which is likely to be a better approximation
of their true shape. In Chapter 6 it was shown that the variation in semi-major
axis may be a factor 10 higher for plate-like than for spherical MLI objects.
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Figure 8.12: Eccentricity versus mean motion of all objects detected in the simulated cam-
paigns using PROOF .
The histogram in Figure 8.13 compares the annual number of detections from
the surveys to the simulated results for all magnitudes brighter than +22. The
diagram shows that the overall trend in the simulated detections follows the
measured detection rates quite well. The average deviation is about 12% and
the maximum deviation 24%. The diagram also shows that detections of non-
MLI GEO objects dominate the simulation results followed by GEO MLI and
GTO non-MLI objects. Here, non-MLI objects are fragmentation debris which is
modeled using the NASA Breakup Model. Table G.1 contains the exact detec-
tion numbers which underly this figure along with the results for the magnitude
range +14 to +22.
The distribution of the magnitudes of the detected objects is shown in Figure
8.14 for the 2001 and 2006 surveys. The peak in the measurement data around
+12 magnitude appears in all surveys and is persistently under predicted by the
models. The much larger peak towards fainter objects is sometimes over- and
sometimes under predicted by the models. The deviations in this region account
for the overall variations also seen in the total detection numbers in Figure 8.13.
The smaller peak for the brighter objects is characteristic of spacecraft and rocket
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Figure 8.13: Comparison of all detections with magnitudes above +22 from ESA-SDT’s
2001 to 2007 GEO and GTO surveys to simulated results using PROOF and
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major axis below 38,000 km.
bodies which typically exhibit magnitudes between +10 and +15. It is possible
that the uncorrelated detections in this range are sightings of cataloged objects
for which orbit data is published but could nevertheless not be correlated. An-
other viable option is an abundance of objects for which no orbit data is pub-
lished by the USSTRATCOM as is common practice for many signal intelligence
satellites.
8.6 Error Analysis
The results presented in the previous section show good correlation between
simulation results and observational data. To conclusively prove the validity of
the simulations, the origin and properties of every detected object would have
to be known. Paradoxically, were this data available, simulations would not be
required. In support of the current results, alternate explanations for the large
number of detections during the GTO campaigns have been analyzed. The core
question to which an answer was sought was whether MLI debris or undetected
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Figure 8.14: Apparent magnitude histogram for measured and simulated detections from
the 2001 and 2006 surveys.
fragmentations in GEO could explain those detections which are currently cov-
ered by fragmentation debris of Ariane H10 3rd stages. To this end, four options
have been explored whose results are presented in the following. Initially, it is
reviewed whether MLI originating on GEO could be a significant contributor
to this region. The possibility of GEO anomalous events is then examined in
which large MLI debris pieces may be released. Following this, the underlying
assumptions which were applied in deriving the velocity change which MLI ob-
tains during a fragmentation are tested. The final option which is discussed is
whether fragmentations may have gone undetected which would have occured
on a GSO but whose combination of inclination and right ascension of ascending
node is outside of the typical precession cone of equatorial GSO.
8.6.1 Drifting GEOMLI
Objects with low area-to-mass ratios which are on GSO and whose orbital plane
coincides with the Laplace plane show only very small variations in inclina-
tion and right ascension of ascending node. Similar objects whose initial or-
bital plane have a different orientation precess about the Laplace plane normal
vector. In Section 6.4 it was demonstrated that HAMR objects precess about
modified Laplace planes. The dependency of the modified Laplace plane on
the area-to-mass ratio can best be described using terms applied to keplerian
orbits: While the inclination of these modified planes was found to increase sig-
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nificantly for higher area-to-mass ratios, their right ascension of ascending node
remained mostly constant. Furthermore, this precessing motion was seen to be
superimposed by an annual variation of the orbit plane. This additional fluctu-
ation causes HAMR objects whose initial orbit normal vector is located on the
precession cone passing through the Earth’s rotational axis to attain non-zero in-
clinations even at right ascension of ascending node values around 180 ◦.
If the Laplace plane coincided with the Earth’s equator, the drift of the right as-
cension of ascending node resulting from the precession would be constant. Due
to its offset however, the drift rate is lowest near Ω = 0 ◦ and highest around
Ω = 180 ◦. It can be concluded that if MLI were the source for the ESA-SDT de-
tections which are outside of the precession cone of equatorial GSO, a continuous
source of large MLI debris objects would be necessary. As was demonstrated in
the introduction to Chapter 5, such a source model would lead to highly ques-
tionable results for future MLI debris predictions. In addition, the identification
of the explosion debris of 1989-006B in ESA-SDT’s 2001 surveys suggests that
fragmentation debris fromGTO events may be a better candidate for a large part
of these detections.
8.6.2 Anomalous GEO Events
The most consistent source for information on anomalous events is the History
of On-Orbit Satellite Fragmentationswhich is published by NASA’s Orbital Debris
Program Office. The latest edition is the 14th and was made available in June
of 2008 (Johnson et al. 2008). During anomalous events, typically small numbers
of debris are released at low velocities. As indicated by Johnson et al. (2008),
anomalous events ”can be caused bymaterial deterioration of items such as ther-
mal blankets, protective shields, or solar panels, or by impact of small particles.”
A total of 51 such events have been recorded of which none occurred in the GEO
region. It seems unlikely, however possible, that no such events have occurred
on GEO. It is more probable that such events have so far eluded detection due to
the small size of the created debris. Finally, MLI are known for their fast chang-
ing orbit parameters: the eccentricity oscillates with a period of about one year
and can vary by as much as 0.8 during this time (see Section 6.4). It is there-
fore possible that objects were detected but could not be tracked. Other than the
observations of some non-GEO anomalous events, no data is available which
would support the presence of a large number of deterioration based debris. It
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therefore seems unlikely that enough MLI has been created in anomalous events
to contribute significantly to uncorrelated detections of ESA’s SDT.
8.6.3 Velocity Imparted on MLI During Fragmentations
Changing the∆v applied toMLI objects within the simulation allows to examine
its influence on the distribution of detections in inclination and right ascension
of ascending node. If changing the∆v within reasonable boundaries leads to sig-
nificant detections in i-Ω regions which are currently covered by simulated Ar-
iane H10 fragments, then further investigations are required to determine how
each source contributes to the observations. Since no test- or observational data
is available detailing the velocity change of MLI debris specifically, the term rea-
sonable boundaries can become very flexible. In lieu of such data, extreme values
for velocity change which have been published for fragmentations and for non-
catastrophic impacts are used as benchmarks. As test cases, the ∆v given by
the NASA Breakup Model was increased by factors 2, 4 and 6. The baseline ∆v
as published in Johnson et al. (2001) is used. The∆v which is applied within the
MLI fragmentationmodel described in Section 7.3 is also based on this model but
is reduced by a constant factor. Figure 8.15 shows the distribution of velocities
among all MLI debris created in GEO fragmentations for the four scaling fac-
tors. The average velocity was increased from 0.17km/s to 0.34km/s, 0.68km/s
and to 1.02km/s respectively. 98% (2σ) of all MLI objects have velocities below
1.8 km/s for the unaltered NASA Breakup Model and below 10.6km/s for the
largest velocity increase. Cone ejecta are the only other debris source for which
ejection velocities of a similar order of magnitude are known. For an impact ve-
locity of 10 km/s, the cone ejection velocity can reach about 30 km/s (Flegel et al.
2011a). Due to the very specific conditions which must be met for such high ve-
locities, it is very unlikely, that MLI could obtain such speeds during any frag-
mentation event. The observation campaigns between 2004 and 2007 of ESA’s
SDT were finally simulated using only these MLI populations with scaled veloc-
ities.
SimulatedMLI detections brighter than magnitude +22 for the years 2004 to 2007
are combined into composite plots in Figure 8.16. The 2004 to 2007 surveys were
selected as they include the GTO surveys in which most of the detections of ob-
jects which do not seem to follow the common orbit precession about the Laplace
plane were made. It can be seen that even in the combined plots, only few de-
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Figure 8.15: ∆v distribution among MLI debris created in GEO fragmentations. Added
velocity is increased by constant scaling factor c∆v = 2,4 and 6.
tections of MLI appear in the regions of interest. Combined with the extremely
high∆v applied to create these results it seems all the more likely that GTO frag-
mentations are the major contributors to the i-Ω regions under consideration.
8.6.4 Events in Unconventional GEO Regions
Fragmentation clouds which are created in GSO and which produce larger, more
massive objects all precess about a common pole which is the normal vector
of the Laplace plane. The precession rate of the orbits of these objects depends
mostly on the initial orbit plane orientation in relation to the Laplace plane. Since
large, massive fragments typically obtain low ∆v during fragmentation, their
initial orbits are usually similar to that of the parent object. It follows that the
orientation of the orbital planes of the debris remain comparable despite their
precessing motion. This relation is used to spot debris belonging to individual
fragmentation events near the GEO region. The only clouds which are visible in
any of the surveys were created by objects whose initial orbit was close to the
equatorial plane or which were on low inclination GTO. The probability for one
or more fragmentation events to have occurred in a geosynchronous orbit whose
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Figure 8.16: Influence of fragmentation ∆v on detections of MLI. Simulated MLI detec-
tions are superimposed for the observation campaigns between 2004 and
2007. Left: original NASA BreakupModel∆v. Right: ∆v increased by factor
6 compared to original NASA BreakupModel.
orbital plane did not originate in the equatorial plane is therefore considered to
be low.
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Chapter 9
Summary
The electromagnetic radiation from the Sun which impinges on an object is the
primary source for radiation pressure acceleration. A realistic estimation of the
amount of light which is reflected by MLI debris is therefore paramount to cor-
rectly simulate the resulting orbit perturbations. For modeling purposes an av-
erage reflectivity value is required which is representative of typical MLI foils.
Optical properties published from in-situ and ground measurements for a wide
range of materials which are commonly used for MLI were evaluated. From
this data a mean initial reflectivity value of 0.87 was derived. Furthermore, it
was found that degradation will likely cause the reflectivity to approach an end
value asymptotically. Based on very limited data it was decided to use an end
value of 0.33. The deterioration rate was found to vary considerably depend-
ing on mission altitude, orbit inclination, MLI material and orientation of the
respective surface relative to flight direction. First estimates of the time until
optical properties could approach the end value were based on the number of
equivalent solar hours and assumed a linear degradation rate. For different mis-
sions and materials the estimated degradation time ranged from 6.6 to over 100
years. These values must be viewed with extreme caution due to the simplified
approach.
The orbit evolution of high area-to-mass ratio (HAMR) spheres, HAMR plates
and HAMR rotating plates was studied for the special case of geostationary or-
bits. For spherical objects it was found that simple linear or quadratic relations
can often be found between the effective area-to-mass ratio and the beat period
or beat amplitude and of inclination and eccentricity evolution. The evaluated
effective area-to-mass ratios ranged from 1m2/kg to about 60m2/kg. Above an
area-to-mass ratio of about 48m2/kg HAMR objects start interacting with the
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upper atmosphere and deorbit within a few years. Plate-like objects exhibited
markedly different orbit evolutions than spherical objects. Precession period,
the orientation of the modified Laplace Plane as well as variations in the semi-
major axis all were shown to depend largely on the principle inertial orientation
of the objects.
Several key aspects of the MLI fragmentation source model were updated to in-
clude findings obtained in the course of this thesis. The most important changes
affect the distribution of fragment sizes, the derivation of∆v assigned toMLI de-
bris during fragmentations and the determination of the effective area. A simple
model was derived for complex MLI fragments consisting of multiple foil layers
which are created during fragmentation of a spacecraft. Several indications were
revealed which suggest that the continuous source MLI model greatly overesti-
mates the rate at which MLI separates from spacecraft. It was finally decided to
remove this model, leaving fragmentation events as the sole contributor to MLI
debris.
The ESA Space Debris Telescope surveys of the GEO and GTO regions which
were performed between 2001 and 2007were re-evaluated based on the updated
MLI models. During these comparisons, compelling evidence was found that
debris which has been created in at least nine violent fragmentations of Ariane
H-10 upper stages between 1984 and 2002 has likely been underestimated in the
past and may be the main contributor to detections of GTO fragments in these
surveys. Specifically the debris cloud of 1989-006B which fragmented on Jan-
uary 1st 2001 is clearly visible in the survey results from that year. The overall
results show that although MLI can attain much higher inclinations than other
debris from GEO events, it is often difficult to discern MLI from other GEO frag-
mentation debris if only the orientation of the orbit normal vector is considered.
A good method for identifying MLI debris is by also looking at the eccentric-
ity and mean motion. While 90% of non-MLI fragments with mean motions
around ’one’ remain at eccentricities below 0.06, the majority of MLI objects has
eccentricities up to 0.6. The majority of simulated MLI debris has effective area-
to-mass ratios below 40m2/kg while a small number of objects may have values
up to 100m2/kg. The modeling results show remarkable agreement with the
distribution of tracklet data from the GEO and GTO surveys performed with
ESA’s Space Debris Telescope. In addition, long-arc data from HAMR objects
which has been evaluated by (Schildknecht et al. 2010) is very well matched. The
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absolute annual detection numbers support the conclusion that ageing related
separation of MLI is quite likely only a small contributor to the visible debris
population.
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Chapter 10
Outlook
The relation between eccentricity build-up and area-to-mass ratio of GEOHAMR
objects has a significant influence on the orbital lifetime and therefore on the na-
ture of the in-orbit population. Future studies should investigate whether this
aspect is modeled sufficientlywell in theMLI fragmentation sourcemodel. Some
sources for HAMR objects may still be ill-represented by the current model. In
the past years, several Briz-Mupper stages have experienced breakups for which
currently no MLI fragmentation model exists.
Comparison of simulated GTO survey results to observations by ESA’s Space
Debris Telescope show an overprediction of simulated MLI debris created by
Cosmos-863 type spacecraft. Possible sources for this discrepency should be ex-
plored. In the course of this thesis, a first re-evaluation of the list of Ariane H-10
fragmentation events has been undertaken which led to an increased correla-
tion between simulations and observed debris. The applied changes however
only account for a few variations between the individual H-10 events. A more
in-depth study should be undertaken to obtain a more realistic picture of these
fragmentation events.
Individual MLI foils are often separated by very light weight spacer netting. No
dedicated model exists currently which takes this material into account. Due to
its low reflective properties, it may be that a significant amount of netting mate-
rial is in orbit which is not considered. Finally, complex MLI fragments consist-
ing of several damaged layers of MLI could disintegrate over time. Since about
75% of all MLI debris area is assumed to be ”hidden” in this type of fragment,
a post fragmentation release of MLI could be an important source to consider in
the prediction of the future MLI debris environment.
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Appendix A
Equivalent Solar Hours
This section derives the equivalent solar hours (ESH) per year of significant satel-
lite surfaces. The factor C is the number of hours in a year (C = 365.25d/a ·
24h/d). The angles φ and γ are two orthogonal angles for the offset of the
surface-Sun vector from the surface normal vector.
ESHGEO, E/W = C ·
180◦
47◦ · π
· (A.1)
+23.5◦∫
γ=−23.5◦

 1
2π
+pi/2∫
φ=−pi/2
cos γ cosφdφ

 dγ
≈ 2712h
ESHGEO, N/S = C ·
180◦
23.5◦ · π
·
1
2
·
+23.5◦∫
0
sin γ dγ (A.2)
≈ 886h
ESHSSO, 6:00 = C ·
180◦
47◦ · π
·
1
2
·
+23.5◦∫
−23.5◦
cosφdφ (A.3)
≈ 8522h
ESHSSO, 12:00 = C ·
1
2π
·
+pi/2∫
−pi/2
cosφdφ (A.4)
≈ 2790h
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Appendix B
Area-to-Mass Ratio of HAMR
Fragments
Table B.1 lists the fragments from two ground tests performed at Kyushu Uni-
versity split by tests, area-to-mass ratios and fragment types. Fragment types
are inner-layer MLI foils, outer- or cover-layerMLI foils and complex fragments.
Complex fragments consist of partially or completely intact MLI blankets.
Table B.1: Area-to-mass ratio distribution of fragments from ground tests performed by
Murakami (2008). Table was also derived by Fischer (2011). All area-to-mass
ratio values in m2/kg
Number of MLI fragments
log A/m in Shot F Shot R
A/m m2/kg Inner Outer Complex Inner Outer Complex
0.3 2.00 0 0 0 0 0 1
0.4 2.51 0 1 0 0 0 2
0.5 3.16 0 0 1 0 0 1
0.6 3.98 0 1 4 0 0 0
0.7 5.01 0 2 0 0 0 0
0.8 6.31 0 0 1 0 0 0
0.9 7.94 0 0 4 0 0 0
1.0 10.00 0 1 4 0 0 0
1.1 12.59 1 3 1 0 1 0
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Number of MLI fragments
log A/m in Shot F Shot R
A/m m2/kg Inner Outer Complex Inner Outer Complex
1.2 15.85 0 14 3 0 10 0
1.3 19.95 1 15 0 0 16 0
1.4 25.12 0 13 1 0 15 0
1.5 31.62 3 4 0 1 3 0
1.6 39.81 1 1 0 0 4 0
1.7 50.12 6 2 0 2 1 0
1.8 63.10 13 1 0 5 1 0
1.9 79.43 23 2 0 10 0 0
2.0 100.00 10 0 0 6 1 0
2.1 125.89 1 0 0 0 2 0
2.2 158.49 2 0 0 1 0 0
2.3 199.53 1 0 0 3 1 0
2.4 251.19 0 0 0 1 0 0
2.5 316.23 0 0 0 0 0 0
2.6 398.11 0 0 0 0 0 0
2.7 501.19 0 0 0 0 0 0
2.8 630.96 0 0 0 0 0 0
2.9 794.33 0 0 0 1 0 0
3.0 1000.00 0 0 0 1 0 0
3.1 1258.93 0 0 0 0 0 0
3.2 1584.89 0 0 0 1 0 0
Sum: 62 60 19 32 55 4
Mean A/m: 76.73 23.34 9.60 98.27 32.47 2.55
Pristine A/m: 88.50 28.57 6.82 88.50 28.57 6.82
∆A/m in %: -13.29 -18.30 +40.78 +11.04 +13.64 -62.68
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Appendix C
Eccentricity versus Effective
Area-to-Mass Ratio
The influence of the area-to-mass ratio of a spherical GEO object on the eccen-
tricity oscillation period is studied. Orbit propagation using the numerical prop-
agator ZUNIEM is performed over a time frame of 10,000days (see Section 6.4).
The equation which could be fit to the data points from the numerical simulation
results for the eccentricity period is given by Equation C.1. The unit is ’years’.
ǫPeriod
(
A
m
)
eff
=
(
−0.0190807 ·
(
A
m
)2
eff
− 0.0612214 ·
(
A
m
)
eff
+ 372.621
)
/365.25
(C.1)
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Figure C.1: Spheres: Dependency ofmaximum eccentricity on effective area-to-mass ratio
(A/m · Cr). Data points from numerical simulation and fit to data.
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Appendix D
Special Perturbations
D.1 Radiation Pressure
The generalized special perturbations equation for any radiation pressure accel-
eration is given by equation D.1. This equation expands on the one given in
Section 6.2 in that it includes indices for additional radiation sources and ther-
mal re-radiation. It must be possible to approximate the object’s surface through
a finite number of flat surfaces i. Self radiation is however not taken into account.
aRP = −
1
msat c
· (D.1)
n∑
i=1
[
m∑
src=1
(
Φsrc SsrcRi, src
(si, src ◦ ni)
||s||i, src · ||n||i
Ai
)
+ PiAi
]
n total number of surface elements of object –
m total number of radiation sources –
aRP radiation pressure acceleration m/s
msat satellite mass kg
c speed of light m/s
Ai area of flat surface element i m2
Φsrc electromagnetic radiation flux from radiation source src W/m2
Ssrc shadow function for radiation source src ∈ [0,1]
Ri, src specular and diffuse reflection terms for flat surface ele-
ment i relative to radiation source src
R ∈ [1,2]
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si, src vector pointing from surface element i to radiation source
src
m
ni surface element i normal vector m
(si, src ◦ ni) ||s||i, src · ||n||i · cosα, with α according to Figure 6.2 –
Pi radiation emitted from surface element i (i.e. through
thermal re-radiation)
W/m2
D.2 Rotating Motion
All rotating objects are gyroscopes. The motion of a gyroscope can be modelled
using Euler’s equations of motion. The direction cosine matrix of the previous
section describes the orientation of an object within our inertial frame. Euler’s
equations of motion are used to obtain the change in the rotation axis relative to
the inertial ECI frame. The link between these two formulations is given by a
description of an object rotating about an axis which is fixed in the ECI frame.
The following two steps are therefore required:
1. Generic change in orientation of body frame relative to ECI frame is ex-
pressed as function of angular velocity vector ω
2. Angular velocity vector changes are described through Euler’s equations
of motion
Kinematic Equation for Body Frame in Inertial Frame The rotating motion
of the object is accounted for by the kinematic equation. For quaternions, the
relation can be written as:
q˙EB =
1
2
·


0 −r q p
r 0 −p q
−q p 0 r
−p −q −r 0

 · qEB , (D.2)
where
 pq
r

 =

 pBqB
rB


E
= ωEB (D.3)
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is the angular velocity vector of the body frame expressed in the ECI frame. In
each time step Equation D.2 must be integrated to obtain the new orientation of
the object:
q (t1) = q (t0) +
t1∫
t0
q˙ dt. (D.4)
Care must be taken that the constraint in Equation 6.11 is meat. The result can
then be inserted into Equation 6.14.
Euler’s Equation of Motion Finally, the change in the angular velocity vector
must be modelled. Any rotating object may be simulated by Euler’s equation of
motion:
M = L˙+ ω ×L. (D.5)
M are external moments, L is the angular momentum vector and ω is the angu-
lar velocity vector from Equation D.3. The angular momentum is the product of
the moment of inertia tensor J and the angular velocity vector:
L = J · ω L˙ = J · ω˙. (D.6)
It is assumed that the origin of the body frame is positioned on the center of
mass of all simulated objects. In this case, all components spare the diagonal of
the moment of inertia tensor become zero:
J =

 Jxx 0 00 Jyy 0
0 0 Jzz

 . (D.7)
Rearranging equation D.5 and inserting D.7 results in the relation for the change
in the angular velocity vector:
ω˙ =

 p˙q˙
r˙

 =

 J
−1
xx [qr (Jyy − Jzz) +Mx]
J−1yy [pr (Jzz − Jxx) +My]
J−1zz [pq (Jxx − Jyy) +Mz]

 . (D.8)
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Figure D.1: The body frame has its origin in the center of mass
Integration again produces the new angular velocity vector in each time step:
ω (t1) = ω (t0) +
t1∫
t0
ω˙ dt (D.9)
Moment of Inertia The generic equations for the moment of inertia tensor com-
ponents are:
Jxx =
∫
m
(
y2 + z2
)
dm
Jyy =
∫
m
(
x2 + z2
)
dm (D.10)
Jzz =
∫
m
(
y2 + y2
)
dm
x, y and z are the axes of the body frame with its origin in the center of mass.
In the current work, all objects are assumed to be square plates. Using equation
5.10 and defining the body frame according to Figure D.1, the components of the
moment of inertia tensor are derived:
Jxx =
m
12
(
L2c + h
2
)
Jyy =
m
12
(
h2 + L2c
)
(D.11)
Jzz =
m
6
L2c
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Appendix E
Orbit Evolution of Plates
The current chapter shows the short- and long-term evolution of plate-like ob-
jects with initial geosynchronous orbits in the equatorial plane. At±90 ◦ in-plane
rotation, the object’s normal vector is oriented perpendicular to the incident so-
lar radiation during those times when its orbit intersects the Earth’s shadow. For
this case, the secular effect on semi-major axis is small over the time-frame of
1,000days (Figure E.1). In the 10,000day results, its effect is on the order of the
± 30◦ cases (Figure E.2). The extreme case in eccentricity for the out-of-plane ori-
entation is given by the ± 90◦ case where the object is oriented with its normal
vector parallel to the Earth’s rotation axis Kˆ (see Figure 6.7). In this case, only
the Earth’s tilt against the ecliptic causes the object’s surfaces to be illuminated
by the Sun leading to a maximum tilt angle with respect to the Sun of 23.45 ◦.
The influence of SRP on the orbit evolution is lowest in this case.
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Figure E.1: Fixed plates: Change in semi-major axis over 1,000 days. Top: surface nor-
mal vector is rotated around Z-axis of ECI. Bottom: surface normal vector is
rotated about Y-axis of ECI.
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Figure E.2: Fixed plates: Change in semi-major axis over 10,000 days. Top: surface nor-
mal vector is rotated around Z-axis of ECI. Bottom: surface normal vector is
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Appendix F
Average Illuminated Area:
Frotating plate
Let Aeff be the time average projected area, or effective area, of a plate-like object
rotating about an axis in its surface plane. The single-side surface area of the
object is A. The rotation rate is ω and the rotation period T = 2π/ω. The effective
area of the rotating plate at time t is given by:
Aeff(t) = A · cos (ωt) (F.1)
To obtain Aeff, the projected area is integrated over one half rotation = T/2. To
remove the time parameter in the solution, the result is divided by T/2. This
leads to the following deriviation:
Aeff =
A
T/2
−T/4∫
−T/4
cos (ωt) δt
= A
2
T ω
sin (ωt)
∣∣∣∣
T/4
−T/4
= A
2
T ω
[
sin
(π
2
)
− sin
(
−
π
2
)]
= A
2
T ω
· 2
(F.2)
177
F Average Illuminated Area: Frotating plate
With T = 2π/ω, this resolves to
Aeff = A
2
π
(F.3)
This relation shows that the single-side surface area is reduced by a factor of 2/π,
thus leading to
Frotating plate =
2
π
(F.4)
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Appendix G
Detection Results
Table G.1 compares the annual detections from the ESA SDT’s surveys between
2001 and 2007 to the simulated detections. The results are given for all detections
brighter than +22 magnitude and for the range +14 to +22 magnitude. The latter
range is introduced as spacecraft typically have magnitudes brighter than +14.
Above this threshold, some classified spacecraft may have been detected which
could not be correlated. Since these are not covered by the models the reduced
range in magnitudes eases the comparison of the models to the observation data.
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Table G.1: Comparison of detections fromESA-SDT’s 2001 to 2007 GEO and GTO surveys
to simulated results using PROOF-2009 and updated populations. ”GEO”
objects are all detected objects with semi-major axis larger than 38,000 km.
”GTO” objects are those objects with smaller semi-major axis below 38,000 km.
2001 2002 2003 2004 2005 2006 2007
Magnitudes 0 to +22
P
R
O
O
F
MLI 540 357 211 217 306 268 185
GEO non-MLI 620 604 241 325 319 415 357
GTO non-MLI 383 129 59 175 177 184 118
Total 1543 1090 511 717 802 867 660
ESA-SDT 1404 881 574 711 922 1040 618
Magnitudes +14 to +22
P
R
O
O
F
MLI 437 296 168 171 225 192 137
GEO non-MLI 560 551 209 301 279 365 324
GTO non-MLI 352 122 52 165 165 171 113
Total 1349 969 429 637 669 728 574
ESA-SDT 1090 721 480 563 764 862 478
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